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MFV, global U(1)s, anomalies




Flavor U(1)s 1/4

A. Minimal Flavor Violation

The three generations of quarks/leptons have identical gauge interactions
> flavor symmetry: G =U (3)° =U (3)g xU(3)y xU(3)p xU(3) xU )¢

Chivukula,

- The only sources of breaking are the Yukawa couplings: Georgi ‘87

Loana =UY,QH + DY, QHT + EY,LH"

...but artificially invariant if Y, ; = 9y p Y, g gg, Ye = gEYegE :
(= spurions)

- New physics couplings/operators are assumed to be also invariant:
LAl J S
Example: d| —»dy" from O, ~c"Q'y,Q D, ,F#
MFV expansion: cM ~ (1+ YJYu +Y§YOI +...)IJ

Background values: VY, =M Ve VY o =My ¢

D’Ambrosio, et al. ‘02



B. Flavor symmetry and anomalies

Flavor U(1)s 2/4

The three generations of quarks/leptons have identical gauge interactions

> flavor symmetry: G =U (3)° =U (3)g xU(3)y xU(3)p xU(3) xU )¢

But the U(1)s are chiral hence anomalous:
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Flavor U(1)s 2/4

B. Flavor symmetry and anomalies

The three generations of quarks/leptons have identical gauge interactions

> flavor symmetry: G =U (3)° =U (3)g xU(3)y xU(3)p xU(3) xU )¢

But the U(1)s are chiral hence anomalous:

o JH 0O O 0
h=Y 2 S UV
8HJ§ N 0 1/2 -1/2 gSGWGM
f 2 7
8HJE :_16752 0 1/2 -1/2|.|qg WMVV\~/“V
0, pg 1 0 8/3 g’ZBWB“V
8HJE 0 O 1

U(@)g_, and U(1), are anomaly-free.



Flavor U(1)s 3/4

C. Strong but no weak CP puzzle

Could we use these U(1) transformations to get rid of CPV terms:

o y g2 » 912 »
_ S v v v
LEF{ = GC _875 GWG“ +0, 162 WIWWPL +0y 162 BWB“

with 0. — 0. —N; (20, + 0y +0p)
0, >0, —N;(Ba,+a,)

0, >0, =N (L/3a, +8/30, +2/30, +a +20¢)



Flavor U(1)s 3/4

C. Strong but no weak CP puzzle

Could we use these U(1) transformations to get rid of CPV terms:

o y g2 » 912 »
_ S v v v
LEF{ = GC _875 GWG“ +0, 162 WWW“ +0y 162 BWB“

with 0. — 0. —argdetY, —argdet Y,
0, >0, -N;(QBo,+a,)

0, =0, + N (3uq +0, ) —Sargdet ¥, - Zargdet Y, —2argdet Y,

But U (3)° is broken by the Yukawa couplings.
= Three U(1) are fixed to get to VY, =m Ve VYy =My ¢
Bwé“" . removed by partial integration.
W, W removed thanks to U (1)5,, (choice for 3a., +a., ).

GWG“V . cannot be removed > Strong CP puzzle.



Flavor U(1)s 4/4

D. Flavor-blind multi-fermion transitions tHooft ‘76

Instantons still induce U (1) -breaking but SU (3)°-invariant transitions:

Singlet QCD anomaly:
Ha]\%(ial ~ O (gIJKQIQJQK)Z(gIJKU 'uu K)(EIJKDI D’ DK)

e

- Mass for the eta prime.

B+L anomaly:
Hel?erL _ gB+L(€IJKQIQJQK)3(€”K HE LK)

- Sphalerons in leptogenesis.

So: MFV should be based on SU (3)5 instead of U(3)5.

Four U(1) are necessarily fixed, only U(1)g_, may remain.



II. U(1) phases and CP-violation




U(1)s & CPV 1/4

A. U(1) rotations and anomalous CP-violating phases

Flavor-blind anomalous couplings are naturally CP-violating
Singlet QCD anomaly:

Hfﬁ(ial _ gaxia| (gIJKQIQJQK)Z(gUKU IU JU K)(EIJK DI DJ DK)

e

Under U (1)5 . gaxial — |gaxial |expi(5axial T Nf (ZaQ T oy +aD))

'

= —arg det Y, —arg det Yd = E)eff _eC
B+L anomaly:

Hl?erL _ gB+L(€IJKQIQJQK)3(€”K LI LJ LK)

e

UnderU(1)° : 9g., —|0g. [expi(Fg, +N; Bag +a,))
-6,

Two additional free and CP-violating parameters in the SM?



U(1)s & CPV 2/4

B. U(1) rotations and CP-violating B and/or L violating couplings

Simplest AB or AL operators allowed by the SM flavor structures:

Yu_. sU(@3)
0 Y
SU@). < SU(3), ~—» SU(3)
QS ] E
YOI SU(B)D
E.g.: £9QMUY,) (DY,)N LY By, )X
— expiN;aq —>expiN o

1
My = F[clEl_Tzu *+¢,LPQMU? +¢;D*U? +¢,DUQM +¢,D%Q™ |

J ( J

[ [
AB,AL =1,3 AB,AL=2,0
can induce proton decay! can induce neutron oscillations!



U(1)s & CPV 2/4

B. U(1) rotations and CP-violating B and/or L violating couplings

Simplest AB or AL operators allowed by the SM flavor structures:

Yu_. sU(@3)
0 Y
SU@). < SU(3), ~—» SU(3)
QS ] E
YOI SU(B)D
E.g.: £9QMUY,) (DY,)N LY By, )X
— expiN;aq —>expiN o

1
My = F[clEl_Tzu *+¢,LPQMU? +¢;D*U? +¢,DUQM +¢,D%Q™ |

J ( J

| |
AB,AL =1,3 AB,AL=2,0

—>eXpiNf(aQ+aL) —>expiNf(2aQ)

Both classes of operators cannot be made real at the same time.



U(1)s & CPV 3/4

B. U(1) rotations and CP-violating B and/or L violating couplings

Weinberg operators are naturally CP-violating:

Yo . SU(3 Ye . suU@
su(3)Q/ S SU(B)L/ e

}* SU (3); }* SU (3)N<> M,
£ e7QM UYL (DY) e LT (WY MRY, YY) ™
mlj/v
Weinberg ‘79

Tag-1 1 3 2 2
M = HL(Y, My YV)L+P[01LQ +¢,EU?D +c,EUQ™ +¢,LQD'UT |

C; = |Ci|expi(d; + N ¢ (Bag + )

:GL

v

Conventionally fixed: —2¢ = arg(YvTMﬁle)11



U(1)s & CPV 4/4

C. Supersymmetry: MFV for R-parity violating couplings
: _ Tar—1v 11
1. Take the usual seesaw : —2¢; =arg(Y, MyY))
2. Get rid of W, WH" =30 =6 /N¢ —a : All 5 phases fixed!

3. Add AB =1 supersymmetric couplings: Wi, = A"y pIpk

4. Impose MFV, e.g. "€ :igLMNYu'LYjM YdK'\I (Holomorphic MFV)

T

O(1) free parameter

5. The RPV coupling is then CP-violating, even when A is assumed real:

LN |/I”|eXpi(5/1” + NfaQ)

T

Small CKM-induced phase



II1.

B violating attractors




U(1)s & RPV 1/6

A. Flavored R-parity violation in the MSSM Nikolidakis, CS ‘07

WRPV DZIJK LI LJ EK +Z'IJKLIQJ DK —|-/1”IJKUIDJ DK

AL =1 AB =1
Violates selection rules: Yukawa-induced hierarchies:

AL =3 hierarchies

pIJK_LIK IL
S A ~ & (YUYJ)
AL =2 neutrino mass Dominant, breaks U (1),
nIIK  _LMN\/ILy/IM /KN
A My IMy, Y v )My AT~ eTTY Y Y

m,, /v Holomorphic, breaks U (l)Q



U(1)s & RPV 1/6

A. Flavored R-parity violation in the MSSM Nikolidakis, CS ‘07

WRPV DZIJKLI LJ EK +ﬂ'UKLIQJ DK +}LI’IJKUIDJ DK

AL =1 AB =1
Violates selection rules: Yukawa-induced hierarchies:

A" |ds sb bd _x
Dominant: U |5 5 5 x=0(0")
P c|l4 6 5  tanp=>5
AL = 2 neutrino mass t |1 5 4

A"|ds sb bd
1JK ~13
:{/1 <10 Holomorphic: 13 8 10

u
}L’IJK <:|_O_17 Csaki, Grossman, c |10 6 7
Heidenreich ‘11 t 6 5 6

AL =3 hierarchies

Proton decay is slow enough even for TeV-scale squark masses!



U(1)s & RPV 1/6

A. Flavored R-parity violation in the MSSM Nikolidakis, CS ‘07

WRPV DZIJKLI LJ EK +ﬂ'UKLIQJ DK +}LI’IJKUIDJ DK

AL =1 AB =1
Violates selection rules: Yukawa-induced hierarchies:

' i A"1ds sb bd
AL =3 hierarchies _ .
Dominant : 4 4 4 x=0(10 ")

u
@ c|3 4 4  tanp=50
AL = 2 neutrino mass t |10 3 3

A" |ds sb bd
1IK ~12
:{/1 <10 Holomorphic: 11 6 8

u
ANK 10714 Csaki, Grossman, c|8 4 5
Heidenreich ‘11 t 4 3 4

Proton decay is slow enough even for TeV-scale squark masses!



U(1)s & RPV 2/6

B. Form non-renormalization of holomorphic MFV

At the high scale: A" =118LMN YulLYd]M YdKN

At the low scale? A€ = ﬂigLMNYJLYd]M YdKN

+ 26" (Y, YY) Y My RN

Bernon, CS ‘14

A Y YY) MY

U Yll U Yv“ U Yvu
c Y. X
D———e D—"0O—s D—~—)¢



U(1)s & RPV 2/6

B. Form non-renormalization of holomorphic MFV Bernon, CS ‘14
At the high scale: A""" :ZlgLMN Yu”‘YdWI YdK'\I

At the low scale? A€ = ﬂigLMNYJLYd]M YdKN
+ 256 "M (O YY) Y M YN
_l_ﬂggLMNYUIL(YdYJYU)JM YdKN L

Actually, these corrections precisely sum up, at all orders

U lel U Yle U lel
f Y, Y
D ° 1 &E D ° 1 O oA D ° ! e
Y, Y, Y,
D —* D—* D—*
gLJK ALI n glLK ALJ n glJLALK _ glJKTr(A)



U(1)s & RPV 2/6

B. Form non-renormalization of holomorphic MFV Bernon. CS ‘14
At the high scale: A""" :ZlgLMN Yu”‘YdWI YdK'\I

At the low scale? A€ = ﬂigLMNYJLYd]M YdKN
+ 256 "M (O YY) Y M YN
_l_/%gLMNYUIL(YdYJYU)JM YdKN N

Actually, these corrections precisely sum up, at all orders,

And holomorphy holds at all scales if it holds at some scale:

AT ] = AL YT Y T Y I

%

= —ﬂi(yQp F7h2 270



B. Form non-renormalization of holomorphic MFV

At the high scale: AR ﬂlgLMN YUILYJM YdKN
+ /IZELMN (Yu YJYU ) ILYd]M YdKN
At O YY) MY .

L T e e S 11

4 6 8 10 12 14 16
lOglOQ

10

4 6

g8 10 12 14 16
log,y O

U(1)s & RPV 3/6

Bernon, CS ‘14

MIO]

4 6

8 10 12 14 16
log,o O

Holomorphy emerges at the low scale whenever only U (1)Q is broken.



U(1)s & RPV 4/6

C. Characteristic signatures of the B violating MSSM

Dominant B-violation through A7, <O(1): fRdRSR, tRCTRSR, thdrSy -

- Same sign top pairs - same sign lepton pairs.

d o3 L ]
d_,_c_—""—<f & W/d !
i =t
rion Aet”? i deily ¢ d

- Dijet resonances from intermediate up-type squarks.

g
£ S u < sl
Co g LAY SN T &% eyTh
....... - 5
E@mm ~~~~~ n 5 . . gg _
, & U -
g ,Z, < g e S
u * c—
=

- R-hadrons? Without large mass splitting, sparticles decay too quickly.



U(1)s & RPV 5/6

C. Characteristic signatures of the B violating MSSM Durieux, CS, ‘13
o )yo A—g5
All squarks LSP | &-X 99
Some squarks LSP | g, }© A- g5 q—>qN—qq'q q—qWwW
~ aL,R’EL,R || L’bL,R H dR’EL,R |
Stop LSP L - B s
~ =7 q?\'




U(1)s & RPV 6/6

C. Characteristic signatures of the B violating MSSM Durieux, CS, ‘13
Squark-gluino-neutralino model, m(%?) =0 GeV
. . %2800 : T T T I T T I‘j I"rl:; T T | T T T I T T T I T T T | .I .I T I T T T :
MSSM with R_pa r|ty S 2600 - ”:: o ATLAS Preliminary =
é 2400 |— { J‘Ldt=53fblts=8Tev -
x - ]
o 2200 — 0-lepton combined —]
g2000 i — Observed limit (+1 ctshl:f:,) _:
- . ——- Expected limit (+1c,,) 5
1800 — D =
C J Observed limit (4.7 fb”, 7 TeV) -
1600 | N =
(from same sign lepton pairs) 1400 |- e S
T T T T —
1000 | . E
900 L - 1 1 l 1 1 1 | 1 1 1 J 1 1 1 J 1 1 1 | 1 1 1 I 1 1 1 E
1200 1400 1600 1800 2000 2200 2400
gluino mass [GeV]
800 .
i)}
= 700 _
600 - |
500 | . _ _
MSSM without R-parity
400 L l '

1
200 300 400 500 600 700



U(1)s & RPV 6/6

C. Characteristic signatures of the B violating MSSM Durieux, CS, *13

Lepton charge asymmetry: 1000
900
800
700
)
600
500
T T T 400
1000 -
d 40 300} =) 1
900 |- < 200 ! ! ! ! ! Y
N o ) 200 300 400 500 600 700 800 900 1000
e 8
800F ¢ el Mo
g
700 |- .
g L
TS 4 d
600§ EME =
Eég 07<f_ =
500 F WW{\S_ = . .
& d MSSM without R-parity
400 : ' ! !
200 300 400 500 600 700
M~



IV. Baryonic Axions?




U(1)s & Axions 1/2

A. Invisible axion as a solution to the strong CP puzzle

Introduce a new field to spontaneously relax 0. towards zero.

- Impose U(l)F,Q invariance (DFSZ):
L=HUY,Q+H,DY,Q+H EY,L+V(H,,H,,¢)

e > > HyHy¢?

e e € e

- Break U(l)F,Q spontaneously - Goldstone boson = axion

- U()pq is a chiral symmetry - explicitly broken by the anomaly.

These (not unique) charges are not always compatible with B violation!

(think about Z”UKU I DJ DK in SUSY) Watamura & Yoshimura, ‘82



U(1)s & Axions 2/2

B. Could the axion participate in B violating processes?
[Some very preliminary ideas!]

Proton decay to axions?

LQQQ i8/Vog
A3

v LQQQ L
—> Leff: PQA3 a/(gf_?Q

Lett =9 = ¢=(Vpg +17)e
Even with MFV, the scale A must be close to Vpqr
and the axion should stay invisible.

Supersymmetry? Naively, the couplings could sum up to

W,

€

Vv
o= 2242 | 17Ky pIpK
A A

AN

With MFV, proton If my < m, :p" —>K fa= A >10% TeVv.

decay still ok even

: ?



Conclusion




Conclusion 1/1

1. MFV must allow for B and/or L violation

Since it occurs in the SM > Enforce MFV using SU (3)° only.

2. Flavor U(1)-breakings are quite automatically CP-violating
In particular, the SM appears to have four CP-violating parameters!
Ockm s 0., 0o O =0, —argdetY, —argdet

In supersymmetry, RPV should be CP-violating also.

3. In supersymmetry, large B-violation is natural and welcome!

With holomorphy, it even gives a unique IR stable parametrization.

Could a signals in same sign lepton pair searches be around the corner?

4. Axions and B-violation could be intimately linked.



