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Baryon Number in the SM

- Standard Model Lagrangian:
+ accidental symmetries
* B: no p-decay, no n-nbar oscillation
* L, Le, Ly, Lt: no nu-oscillation, no cLFV

« Baryon Number violated at quantum level:
- non-perturbative effects associated with SU(2).
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Expectation for Baryon Number Violation

* B and L cannot be exact global symmetries
- all global symmetries violated by quantum gravity

* B or L symmetries are not exact gauge symmetries
* unless gauge coupling g < 1026 e Lee and Yang (1955)




Big Hint of Baryon Number Violation

* CMB anisotropy ‘ - Big Bang Nucleosynthesis
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Three Sakharov Conditions
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Early Universe Universe Now

[Picture credit: H. Murayama]

- Baryon number can be generated dynamically, if
- violation of baryon number
- violation of Charge-Conjugation (C) and Charge Parity (CP)
* departure from thermal equilibrium



Baryon Number beyond the SM

Weinberg (1979)

- SM as low energy effective theory:

new physics

O O
L= Lo+ 22 L X602

M M? effects
- EFT with quarks, leptons, and gauge fields
AB = AL= |
proton decay
|AB| = 2
neutron-
antineutron

oscillation



Baryon Number beyond the SM

Weinberg (1979)

- SM as low energy effective theory:

new physics

Osp O
L=Loy+|=2 + =22 4 .

M M? effects
- EFT with quarks, leptons, gauge fields and the Higgs:
@- [ AL =2
sp 2 /Ij 1 neutrino Majorana
mass

Unique window into high scale physics



MSSM

« Solution for gauge hierarchy problem
- BNV and LNV already at renormalizable level
. Gauge iInvariant superpotential terms up to order 4

+YYL; HdE + Y” Q:H;D; +Y! Q:H,U;
+ /lle L L Ek + /lljk L; QJDk + A’ UiDJ'Dk

+ K(O)H L H L + KEJllzf QinQkLg + Kglzf UiUJ-Z_)kE
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MSSM

- Gauge invariant superpotential terms up to order 4

= nHdgH, +« L;H,

+YY LH,E; +YY QHD; + YV QH,U,
+ /lkaL L Ek + /l’ L; QJDk + /lzjk UEZ_)k
+ &) HyLi H L; + k35, QiQi@rLe + k35, U;U; D E,

1z Problematic terms

© u/Bu problem(s)
Why does u know about the electroweak scale?



MSSM

- Gauge invariant superpotential terms up to order 4

NN <1072
Proton stability: )')\; < 10~1°
W — /’tHdHu + Ki LlHu )\1 < 10—87 )\2 < 10—8

+YY L,H,E; + YY Q:HD; + YV Q;H,U;
+ /ijLLEk + /lUkL QJDk + le
+ &) H,Li H,L; + ), QiQ;QrL¢ + ng,gf U,U,D,E,

i Problematic terms

© u/Bu problem(s)

© dimension four and five proton decay operators
10



MSSM

- Traditional Cure of proton decay problem

y/ /= /JHdHu +KiLiHu
+ YV LHEN YY) QHD; + YV QH,U,
+ ﬂijk Lile_’jk + X L QJDk + Azﬂe UD Dk
+ k) Hok H, L + %), QiQiQ4Le + ), U;U;DyEy

need 1o be sfrongly suppressed
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MSSM

. Farrar, Fayet (1978);
- Traditional Cure of proton decay problem Dimopoulos, Raby, Wilczek (1981)

W = uHzH, + k; L;H,
+YY L-HdE- YY Qinl_)- +YY QH,U,

WUDDk

QZQJQk ¢+, U;UDE,

forbidden by matter parity
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MSSM

- Traditional Cure of proton decay problem Ibanez, Ross (1992)

W = uHuH, +«; L;H,
+YY L,H,E; +YY QH,D, + Y? QH,U,
+ A LiL;Ey, + Ay, LiQ;Dy, + 2, U;D;D,
+ &) H,Li H,L; + ), QiQ@rL¢ + «33), U;U;DE

ik

N/

forbidden by baryon friality
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MSSM

. . Babu, Gogoladze, Wang (2002);
Traditional Cure of proton decay problem Dreiner, Luhn, Thormeier (2006)

W = ,quHu +KiLiHu
+ YV LH,ENYY QHyD; + YV QH,U,
+ /lijk Lile_’jk + AN LQJI_)k + /l;J,k

+ 1 Hobo Hy L + R, Qi Qi@ g+/<uk{,UUDkEg

/

= Proton hexality = maftter parity + baryon friality

14



PrOtOﬂ Hexallty Babu, Gogoladze, Wang (2002);

Dreiner, Luhn, Thormeier (2006)

= Proton hexality Pg = matter parity Z' x baryon triality Bs

Q| U |D|L |E|H, | Hy|v
Zyt 111|110 0|1
By |O|-1] 1 |-1|2| 1 |-1]0
Ps |O| 1 |-1|-2]1|-1| 113

= Appealing features
© forbids dimension four and five proton decay operators
© allows Yukawa couplings & Weinberg operator Kg-)) H,L; H,L,

© unigue anomaly-free symmetry with the above features

i However:
@ NOt consistent with unification for Mmatter ge. inconsistent with universal

discrete charges for all matter fields)

15



Proton Hexality

© not consistent with (grand) unification for matter
© does not address i problem

W = ,quHu+KiLiHu
VILH.E; +Y? QHD; +YY Q:H,U,

LLEk+/l’ LQJDk+/l” U,D;D;

+/llj

LiH,L; + ), QiQiQrL¢ + ), UiU;DpEy + ...
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Small mu term and SUSY Breaking

» before SUSY breaking: absence of mu term

Hidden sector:

» Giudice-Masiero Mechanism for the mu problem Giudice, Masiero (1988)

» after SUSY breaking: realistic effective mu term generated

o~ (W) Mg ~ myg)s

» need a symmetry reason for the absence of these operators before SUSY breaking

17



Discrete R Symmetries

e anomaly freedom

e consistency with SU(5) can forbid the . ferm

only R symmetries
} ~
in the MSSM

* No continuous R symmetries available in MSSM Chamseddine, Dreiner (1996)
- Only remaining option: Discrete R symmetries

= Worklng OSSUFﬂpTIOﬂS: Kurosawa, Maru, Yanagida (2001);
(i) anomaly freedom (allow for GS anomaly cancellation) Babu, Gogoladze, Wang (2002)

(i) u term forbidden at perturbative level
(i) Yukawa couplings and Weinberg neutrino mass operator

allowed
= Consider Zf\} symmetry which commutes with SO(10) ﬁ 7 R
l.e. quarks and leptons have universal charge q

unique symmetry : Z8 w/ g =gy =1& gy, =qu, =0

Lee, Raby, Ratz, Ross, Schieren, Schmiddt-Hoberg, Vaudrevaunge (2011) 18



Small mu term, Dirac Neutrinos and SUSY Breaking

» before SUSY breaking: absence of Dirac neutrino masses (as well as Weinberg
operator)

Hidden sector:

» Giudice-Masiero Mechanism for the mu problem Giudice, Masiero (1988)

o~ (W) Mg ~ mg)s

» after SUSY breaking: realistic effective Dirac neutrino masses generated

m3/2 v Arkani-Hamed, Hall, Murayama, Tucker-Smith, Weiner (2001)

YI/ ~ ~N  —
Mp Mp

» need a symmetry reason for the absence of these operators before SUSY breaking

19



Dirac Neutrino Mass and the p Term

i . . M.-C. C., Ratz, Staudt, Vaudrevange (2012
- Anomaly-free, discrete R-symmetries in MSSM: ge (2012)

» absence of perturbative mu term = constraints on R charges of Hu, Hd
SUSY breaking = mu term ~ TeV automatically arise

o~ (W) Mg ~ mg)s

» absence of perturbative Weinberg operator = constraints on R charges of leptons
SUSY breaking =¥ realistic Dirac neutrino mass automatically arise

ms/2 M

YI/ ~ ~
Mp Mp

» solutions automatically forbid dim-4 proton decay, automatically suppress dim-5
proton decay in superpotential

20



Dirac Neutrino Mass and the p Term

- Search Abelian discrete R symmetries, Z} that satisfy M.-C. C., Ratz, Staudt, Vaudrevange (2012)
- anomaly freedom (a la Green-Schwarz)

+ forbidding mu term perturbatively

 consistent with SU(S) I::> classes of models found
+ allowing usual Yukawa couplings

* Weinberg operators forbidden perturbatively
- an example: Z? symmetry

» after SUSY breaking: Wew ~ mgp Hy Hg +

ms/2 _M3/2
LH,
Mo SV

» A L = 2 operators forbidden = no neutrinoless double beta decay

QOQL

» AL = 4 operators allowed = new LNV processes M.-C. C,, Ratz, Staudt, Vaudrevange (2012)

« A simultaneous solution possible with discrete generation dependent R symmetries

' - ian!
(Abe“an ornon Abe“an') M.-C.C,, M. Ratz,A.Trautner (2013)

21



MSSM with RPV Operators

* No sign of SUSY (yet!) at the LHC

 Rich phenomenology, though need to be careful about proton
decay

- Classifications of Zf, symmetries compatible with MSSM models
Wlth RPV Operators (BNV, LN\/) Dreiner, Hannusek, Luhn (2012)

* allowing BNV, LNV at dim-3, 4, 5; mu term

- allowing GS anomaly cancellation

- compatibility with GUT

. only for ge = 1 with all R charges being integers

22



MSSM with RPV Operators

- Classifications of Z§, symmetries compatible with MSSM models
W|th RPV OperatOFS (BNV, LNV) Dreiner, Hannusek, Luhn (2012)

- allowing BNV, LNV at dim-3, 4, 5; mu term
- allowing GS anomaly cancellation
- compatibility with GUT

. only for ge = 1 with all R charges being integers

- Complete Classifications M.-C. C, Ratz, Takhistov (2014)

« With ge > 1 with all R charges being integers

- allowing for non-universal GS cancellation of discrete anomalies

23



Anomaly Cancellation

 For a U(1)r symmetry:

1
As = §Z[QQ£+Q§+Q%_4QO] + 39
7
3 _
= 5 2qq + g7 + QE] —3qp , (2.20a)
1 _
Ay = 5 |am. + am — 200 + 2(3(1{2 +qf, — 4%)] + 2g
' 7
1 _
= 5 |4m. + qu, +3 (SCJQ + QL)} —5¢p (2.20b)
1 1
A = 3 [QHu +am, — 20 + 5 Z(qé + 8¢ + 2% + 3¢, + 6¢L. — 20%)] Y7
3
= 1 [qHu +qu, + qo + 8¢y + 2¢5 + 3q1. + 6gg — 22(]9} . (2.20c¢)

- Cancelled by GS axion with coupling to field strengths

24



Anomaly Cancellation

 For a discrete Z& symmetry:
« A1, Ao, Az defined only up to modulo

B N/2 if N is even ,
TT VN i Nisodd.

- Anomaly universality: universal axion couplings to field strengths

Anomaly freedom )

+, , , M.-C. C, Fallbacher, Ratz (2012)
Grand unification . : o
N > — “Anomaly universality
Green-Schwarz Az = Ay = Ay,

anomaly cancellation

/ where now ‘=" means modulo 7.

« Pati-Salam partial unification: non-universal anomaly cancellation
allowed

25



R-parity Violating MSSM

- Renormalizable Superpotential

Wen = pHHi+ Y} QU H, +Y( Qr Dy Hy+Yf, Ly Ey Hy
+rx! Ly Hy +MN"Le Ly By + N9 L, Q, Dy, + X''9"U,; D, D,

* Non-renormalizable BNV and LNV operators

O = [QRQQL|, Oy = [UUEE]F’
O3 = [QQQHdp Oy = [QUEH,, |
Os = [LH,LH,), Os = [LH,H;H,), ,
0; = [UD'E| . Os = [H{H,E], .
0y = [QULY, 0w = |QQD| .

26



R-parity Violating MSSM

* To satisfy proton decay constrains
(7) with renormalizable B violation:

— demand existence of U¢D°D*,
— forbid LLE® (thus automatically LQD¢),
— forbid HdHu,

— forbid LH, (thus automatically Oy, O7, Og, Oy),

— forbid O = QQQL;

(7) with renormalizable L violation:

— demand existence of LLE® (thus automatically LQ D),

— forbid UDeD*,

— forbid HyH, (thus automatically LH,, O4, O7, Og, Oy),

— forbid 07 = QQQL (thus automatically

03 and 010).

Not compatible with SU(5):

UcDeD® & LLE®

27



R-parity Violating MSSM
- Pati-Salam Compatible % = 4w, 9% = ¢ = ¢g, and qu, = qu,
- Allowing Yukawa couplings
* Allowing UcDeDc and forbidding LHy
—3qu, —3qr, +4q9 = 0 mod N
qH, +qr — 29 # 0 mod N

2qm, +2qL — 299 # 0 mod N

PS compatibility

allow U DD » ~ Weinberg operator is forbidden.
torbid L H,

PS compatible RPV models with BNV prefer Dirac neutrinos

28




R-parity Violating MSSM

- Complete Classifications of discrete symmetries
- non-universal GS anomaly cancellation
- absence of mu term in renormalizable superpotential

* with
e R parity conserving
e renormalizable BNV
e renormalizable LNV
e no-perturbative BNV and LNV



Solutions w/ Universal Anomaly Cancellation

: A& N #£0 AN #£0
cljnzglilfte}é before before
SUSY SUSY

\4 Y

~ AN and N - )\

small;: —

Wien = nHHy+ Y5 QU H, +YE Qi Dy Hy+Yf, Ly Ey Hy
[+ k! Ly f@+ ML Ly Ey+ N9 L, Q, Dy + N'79" U, D, Dy,
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BNV at renormalizable superpotential

* universal anomaly cancellation up to order 12

residual symmetry

symmetry

31
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Example: Zsh Symmetry

« BNV at renormalizable super potential

* UcDeDc allowed at renormalizable superpotential

&
Eﬁ

Hg

Field | Q |U | D | L
ZE | 416 |6

0

- Compatible with Pati-Salam partial unification

* N0 neutron-antineutron oscillation

32



Solutions w/ Non-universal Anomaly Cancellation

: A& N #0 AN #£0
cinggxl/te}(li before before
SUSY SUSY
N____
(ves) (0o
Y
= AN and N - )
Z B L small: Z%

Wien = nHHy+ Y5 QU H, +YE Qi Dy Hy+Yf, Ly Ey Hy
[+ k! Ly f@+ ML Ly Ey+ N9 L, Q, Dy + N'79" U, D, Dy, .




Example: Z3R Symmetry

- BNV and LNV forbidden at renormalizable superpotential

feld | QU |DI|LIE|H, | Hj |6
Zz 1|11 |1[1]0]0

* Non-universal anomaly cancellation
- BNV and LNV generated after SUSY breaking

[—

"R LLE+ S QLD+ 2 TUDD

R VA My Mo

neutron-antineutron oscillations allowed, and can be
enhanced if Mp = M < M,

34



Example: Z3R Symmetry

- BNV and LNV forbidden at renormalizable superpotential

feld | QU |DI|LIE|H, | Hj |6
Zz 1|11 |1[1]0]0

* Non-universal anomaly cancellation
- BNV and LNV generated after SUSY breaking

[—

"R LLE+ S QLD+ 2 TUDD

A
R VA My Mp

L H, is suppressed by m§/2/Mp , but the pterm is of order 13 /2

counter example: allowing LNV = mu ~ kappa ~ ma» in SO(10)

Acharya, Kane, Kumar, Lu, Zheng (2014)
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