2% Fermilab :@;ENERGY

Flavor gauge models
below the Fermi scale

Pedro A. N. Machado
Fermilab

in collaboration with Kaladi Babu, Alex Friedland and Irina Mocioiu

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Mar/2018 pmachado@fnal.gov



mailto:pmachado@fnal.gov?subject=

Flavor Physics

Can there be flavor mediators at a low scale???

Flavor physics is definitely heavy
With minimal flavor violation: above TeV scale
Without minimal flavor violation: above 1000 TeV scale

see e.g. D’Ambrosio, Giudice, Isidori, Strumia 2002

Is it?
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Studies for (B+)L,-Lt at low energies

Heeck Rodejohann 201 |, Altmannshofer et al 2014, Altmannshofer et al 2015, Farzan 2015,
Farzan Shoemaker 2015, Heeck 2016, Altmannshofer et al 2016, Forero Huang 2016, ...

Motivation:

(g-2)y, proton radius, large neutrino matter effects (NSI), h to T Y

Mar/2018

Non Standard Interactions:
2\/§GF5£04 (DoszVuVozL) (]nyuf)

No SU(2) invariance
Usual lore: restoring SU(2) mostly rule out
NSIs observable at neutrino experiments
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Studies for (B+)L,-Lt at low energies

Heeck Rodejohann 201 |, Altmannshofer et al 2014, Altmannshofer et al 2015, Farzan 2015,
Farzan Shoemaker 2015, Heeck 2016, Altmannshofer et al 2016, Forero Huang 2016, ...

Motivation:
(g-2)y, proton radius, large neutrino matter effects (NSI), h to T Y

Non Standard Interactions:

(L, L) Q1" Q1) = (Tryuve)(Qry QL) + (L1, lr)(Qry" Q1)

Charged leptons will generically provide a much stronger bound
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: : 331 133 313 333 :

Combination (LPL)(L°L,)(H H)

31 (Ly?L) (L, L)(H'H) 1 13
32 (Ly*7L)(Lv,7L)(HTH) 1 33
33 (Ly?L)(Lv,7L)(H7H) 1 1y + 3
34 (Ly*TL)(Lv,L)(H'TH) 1 18 + 3%
35 (—ie®e)(LyP7TeL) x 1 v 33
(Ly, L) (H' 7 H)
Combination (LPL,)(L°H)(HTL,)
36 (Ly?L)(LH)(~,)(HTL) 1/2 1/2 v 14 + 1§
37 (Ly?L)(L7H)(v,)(H7L) 3/2 -1/2 1y + 3L/R
38 (Ly*7L)(L7H)(v,)(HTL) 1/2 /2 1/2 v v 1E + 35"
39 (Ly*7L)(LH)(v,)(HT7L) 1/2 /2 —1/2 v 1” + 15 + 3”1“‘
40 (—ie®e)(LyPTeL) x 1 —1 35+ 1§ + 3”’*
(LT"H)(y,)(H'7°L)
Combination (LPL,)(L°H")(L-H)
41 (LyPL)(Lit?H*)(v,)(HTir?L)  —1/2 1/2 1y + 127
42 (LyPL)(LAT>H*)(v,)(HTir*7L)  —3/2 —1/2 1y + 34°
43 (Ly*7L)(L7AT2H*)(v,)(HTir?L) —1/2 /2 1/2 30 + 1M + 3°
44 (LyP7L)(Lit?H*)(vy,)(HTir?7L) —-1/2 /2 —1/2 34 + 1L/R + 3L/R
45 (—ie®e)(LyP7TeL) x -1 —1 v 3y + 3¢

(Iﬂ'biT2H*)(’)/ YHTir?7m¢L)
Combination (LP(L®)%)((L®)aL~)(HTH)

46 (LiT?Le)(Leir? L) (HTH) 1/4 —1/4 v 1%,

47 (L7T2Le)(Leir?7L)(HTH) -3/4 —1/4 35,

48 (Lit?Le)(Leir7L)(HTTH) 1/4  —-1/4 —1/4 v 1%, + 3%,

49 (EﬁT2LC)(FiT2L)(HTFH) -1/4  1/4 -1/4 v 1%, + 3%,

50 (—ieae) (L1472 L) x -1/2  —1/2 3%,

(Leit?7PL)(Hm¢H)

Combination (LPHT)((L®)°H)((L®)aL~)

51 (Lir?H*)(HT L¢)(L¢ir? L) /8 —1/8 1/8 —1/8 1/8 v 15, + 15 + 147

52 (L7ir?H*)(HT L7)(Lcir? L) -3/8 3/8 1/8 -—1/8 1/8 v 1%, + 3”3 + 157

53 (L7ir?H*)(HT L¢)(Leir?7L) -3/8 —-1/8 —-3/8 —1/8 1/8 v 35, + 15 + 3L/R

54 (f/iT2H*)(HT%’LC)(FiT 7L) 3/8 1/8 —1/8 -3/8 —1/8 3%, + 3”3 - 1i/R

55 (—iea®e) (L2 H*)x 3/4  1/4  —1/4 1/4  1/4 35, + 3”’* + 157

(HT7°Le)(Leit?TL)

Combination (LP(L®)°)(H(L®)a)(L,H)

56 (Lir? L) (LeH*)(HTir% L) /8 —1/8 —1/8 1/8 1/8 v 1%, + 15 + 147

57  (LAT?Le)(Le7H*)(HTir?L) 3/8 1/8 —-3/8 —1/8 —1/8 3%, + 3L/R + 157

58 (LiT?Le)(LeTH*)(HTir?7L) -3/8 3/8 —-1/8 1/8  1/8 v 1%, + 3”3 + 35"

59 (L7AT2Le)(LeH*)(HTir?7L) -3/8 —-1/8 —-1/8 -3/8 1/8 v 3%, + 15 + 35"
abc 271¢C s L/R L/R

60 ((LchHl()I(J;ﬂl’;LTc)L) 3/4 1/4 1/4 1/4  1/4 3%, + 35" + 34 Gavela et al 2008
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# Dim. eight operator CHit, C33%, Ci33, 313, C333,  Onst? Mediators

Combination (LPL)(L°L,)(H H)

31 (Ly?L) (L, L)(H'H) 1 13

32 (Ly*7L)(Lv,7L)(HTH) 1 33

33 (Ly?L)(Lv,7L)(H7H) 1 1y + 3

34 (Ly*TL)(Lv,L)(H'TH) 1 18 + 3%

35 (—ie®e)(LyP7TeL) x 1 v 33
(Ly, L) (H' 7 H)

Combination (LPL,)(L°H)(HTL,)

36 (Ly?L)(LH)(~,)(HTL) 1/2 1/2 v 1§ + 1§

37 (Ly?L)(L7H)(v,)(H7L) 3/2 -1/2 15 + 35"

38 (Lfy”TL)(LTH)(fyp)(HTL) 1/2 /2 1/2 v 13 + 1R + 3L/R

on .= /Tt o PRVIEN PN PRN - . /R

the neutrino sector. Since any model of new physics has to recover the Standard Model at
low energies, we have required gauge invariance under the SM gauge group and studied the
possible effective theories. The focus is set on purely leptonic NSI, that is, on operators in

45 (—ie®e)(LyP7TeL) x -1 —1 v 3y + 3¢
(LT%72H*)(7,) (HTir?7¢L)

Combination (LP(L®)%)((L®)aL~)(HTH)

46 (LiT?Le)(Leir? L) (HTH) 1/4 —1/4 v 1%,

47 (TAT2T (T Cir2 2T\ (HTH) _2/A___1/4 RE

In Conclus10n we have demonstrated that the 1u Clelt of a realistic model

53 (L7ir2H*)(H L) (Leir?7L) -3/8 -1/8 -3/8 —-1/8 1/8 v 3%, + 15 + 354°
54 (EiT2H*)(HTTLC)(Fn 7L) 3/8 1/8 —-1/8 -3/8 —1/8 3%, + 35/R + 1L/R
55 (—ie®e)(LT%r2 H*) % 3/4 1/4  —1/4 1/4 1/4 35, + 35" + 15@‘*

(HT7°L°)(Leir?T°L)
Combination (LP(L®)°)(H(L®)a)(L,H)

56 (Lir?Le)(LeH*)(HTir%L) /8 —-1/8 -1/8 1/8 1/8 v 1%, + 15 + 12f°
57 (L7T2Le)(Le7H*)(HTir2 L) 3/8 /8 -3/8 —-1/8 —1/8 35, + 3L/R + 1L/R
58 (LiT?Le)(LeTH*)(HTir?7L) -3/8 3/8 —-1/8 1/8  1/8 v 1%, + 33/R + 3L/R
59 (ETIT2LC)(FH*)(HT ir27L) -3/8 —-1/8 —-1/8 -3/8 1/8 v 35, + 1% + 35/1R
60 (—ie®e) (L7712 L) x 3/4  1/4 1/4  —1/4  1/4 35, + 35/ + 3

Gavela et al 2008
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Flavor Physics

In the SM each family provides a
complete independent consistent realization of the model
(Anomalies cancel within each family)

Why such small mixing to third family quarks!?

Maybe the third family is indeed special
and has its own gauge symmetry!?

We will gauge B — L of the third family

U(l)(;)_L (let us refer to it as X)

Babu, Friedland, Machado, Mocioiu 1705.01822
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Flavor Physics

u,d,c,s 0
b, t +1/3
e, M, Ve, Vu 0
T, V1 - |
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Flavor Physics

u,d,c,s 0
b, ¢ +1/3
€, M, Ve, Vu 0
T, Vt N

Q)
o

o o o Q3 — X Charge /3 |
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Flavor Physics

CKM —» extra doublet.
The flavor symmetry is

broken by a Higgs doublet:

Its “natural’” scale is EW

generating CKM

u,d,c,s 0

b, t +1/3

e, M, Ve, Vu 0

T, V1 - |
P1 P2 S
SU(2)p 2 2 1
U(l)y +1 | +1 0

v, [ +1/3] 0 | +1/3

Mar/2018

/ Y1192 Y1292 YizP1 \
Qr | Y5102 ynd2 ysud1 | Ur
\ 0 0 Y3309 )

Pedro A. N. Machado | Flavor gauge models below the Fermi scale [arXiv:1705.01822]
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Flavor Physics

ud,c,s 0 CKM —» extra doublet.
b, t +1/3 The flavor symmetry is
e,M,Ve,Vu 0O broken by a Higgs doublet:
T, Vr -1 Its “natural” scale is EW
b1 bs S generating CKM
SU(2) 2 2 1 o / 9%1%2 yﬁ@ 9%3%1 \
U(l)y +1 | +1 0 Qp | y5102 Y5202 Y301 | UR
U 1 +1/3] 0 | +1/3 \ 0 0 yhoo )
m, OO Vo my OO 0 Generates flavor
0 m, Vzﬂglt 0 ; mso OO changing interactions
0 0 my amy, bmy, m, in the quark sector
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Flavor Physics

ud,c,s 0 CKM —» extra doublet.
b, t +1/3 The flavor symmetry is
e,M,Ve,Vu 0O broken by a Higgs doublet:
T, Vr -1 Its “natural” scale is EW
b1 bs S generating CKM
SU(2)r 2 2 1 o / 9%1%2 yﬁ@ 9%3%1 \
U(1)y +1 | +1 0 Qp | y5102 Y5202 Y301 | UR
U 1 +1/3] 0 | +1/3 \ 0 0 yhoo )
m, OO Vo 0 Generates flavor
0 m, Vzﬂglt OO changing interactions
0 0 my "y in the quark sector
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Flavor Physics

u,d,c,s 0 CKM —» extra doublet.
b, t +1/3 The flavor symmetry is
e,M,Ve,Vu 0O broken by a Higgs doublet:
T, V1 - | lts “natural” scale is EW
d1 | o s generating CKM
SU(Q)L 2 2 1 B / 9%1%2 yﬁ@ 9%3%1 \
U(1)y +1 | +1 0 QL | Y5192 Yoo y%@ Ur
U, | +1/3] 0 | +1/3 \ 0 0 ko

Mar/2018

®,| induces mass mixing between X and Z gauge bosons

'U2
2 gx 'Ui?
Sx = —
BNl

Pedro A. N. Machado | Flavor gauge models below the Fermi scale [arXiv:1705.01822]
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Flavor Physics

u,d,c,s 0 CKM —» extra doublet.
b, t +1/3 The flavor symmetry is
e,M,Ve,Vu 0O broken by a Higgs doublet:
T, V1 - | lts “natural” scale is EW
d1 | o s generating CKM
SU(2) 2 2 1 o / 9%1%2 yﬁ@ 9%3%1 \
U(1)y +1 | +1 0 Qp | y5102 Y5202 Y301 | UR
Ul +1/3 ] 0 | +1/3 \ 0 0 yhoo )

®,| induces mass mixing between X and Z gauge bosons

3 0 M2 = L2 vrvy + v? EWPT suggests
Z, =~ —58,B, + cwWM — sx X X = 99x | 72 s SUge
small mixing, and
Xu ~ SX( SwBM -+ CwWS) -+ XY 2 gx 'Ui? thus small masses...
Sx = —
3\/g%+ g2V
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Flavor Physics
/ {7

No flavor changing interactions in the lepton sector
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Flavor Physics
¢ (T
Lyuk — yz’jLi¢2€Rj

No flavor changing interactions in the lepton sector

Neutrino masses via effective operators

= (Liode) (63102) . 13 (Lo (01E02) &

U(1): 0O O 0O O -1 +1/3 +1/3 0 +1/3
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Flavor Physics
/ {7
Lyuk — yz’jLi¢2€Rj

No flavor changing interactions in the lepton sector

Neutrino masses via effective operators
v (Frade) (610s) gz (Bad) (olua)
Iy 1202 | | Pali2 ), Az (3P 1412

0i2: D=5 No flavor changing

0,5 and 6,3: D=6 interactions in the
lepton sector!

A\ not far from electroweak scale!
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Flavor Physics

Usual comments at this point:

This is ruled out

It is ok if one makes the gauge coupling tiny (cheating...)
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Flavor Physics

Usual comments at this point:
This is ruled ou%

It is ok if one makes the gauge coupling tiny (cheating..}
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Flavor Physics

1 invisible
0.100 ‘@"F=2 T
’ hadrons
0.010: —__
light quarks
& __
5 10
My (GeV)
1+ —
nvisible e
tanB = 10 ISt T
0.01
107} hadrons light quarks
+ - —_— ]
e'e
107%} _— —_—
>l U Hl L L L L L L L L L oo | l7
0.1 0.5 1 5 10
My (GeV)
Mar/2018
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Ca = QaCw€E + (gxqﬁf + sxv/ g2+ g’2q§)

Z
o

K

I3

o S%UQa
gx vy
\/92 + g/2 V2

Light X: vV dominates

SX

2
3

Hadronic cross section:

; ['(X — hadrons) = ['(X — u"u”)R(s = My)

o(eTe” — hadrons; s)

fils) = o(ete” = ptu;s)
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Flavor Physics

tanB = vo/v4 =10

100% T T TTTT T T TTTT I T T TTTT T T TTTT I \\\\\L10_2 . .
: : U(l) B — L of the third family
) 103 . .
107 - 107 Complete model, including
scalar sector and CKM
1072 Vosge 2107 generation
X 1073 - =107 U>><
1074 __—IFB;KX 110 ZM = _SwB,u + CwW’S — SXXg,
APV : X, 5X<_5wB,u + CwWS) + X,B,
I Dfsatete
107% - Bl p0-po -107~7
5 WW Y > Xy . 9 v2
i I v osc. ] Sng\/gX ;
i K 7tX ) 1 g%+ g2 v
10_6ﬂ | | \\HH‘ | | \\HH‘J | | \\HH‘ | \\HH‘ | 4108
1073 102 10~ 10° 10’ 107
My (GeV)

Babu Friedland Machado Mocioiu 2017
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Flavor Physics

tanB = vo/v4 =10

100“ T T T 1717 T T T 1717 T T T TT1T] T T T 1717 \\\\\\\10—2

107" / =107

10 - 4\0& Y Y11 10
- N) ‘ :

I \)QQ\\ 1
><10_3: a10—5
: ——BoKX ?
10~ — T -107°

- APV .

I Dtosntete” |
1075 - Bl po-_po -1077
: WWY - Xy -

- 4 B v osc.

I K- X 8
10_67‘ \\\\HH‘ \\\\HH‘J \\\\HH‘ \\\HH‘ \\\\\\710
1073 1072 107" 10° 10’ 107
My (GeV)

Babu Friedland Machado Mocioiu 2017

1 202
2 2 [ V1Y 9
tg fixes v| and vz
Mx has a lower value
)
Zy = =50 B+ cu W, — sx X))
Xy~ sx(=swBy + cuW,)) + X)),
2 gx v
Sx = <
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Flavor Physics

tanB = vo/v4 =10

~ .

At high energies, external longitudinal modes can be replaced by the
Goldstone boson associated with the breaking of the symmetry
(Equivalence theorem)

1
Gx = 3 quv? [—vw% Im(¢V) + v2v, Im (@) — v2v, Im(so)]
Loy =iCx X | Uy Vi (etn — Faer) + ViaVis(epun — aner)| — iGx 25 T s
¢ ~Gx XSMX v2% cb\CLlR — URCL ubVcb\CLUR RCL XSMXUQ%
2 ,.2,.2
gy U7V
»ChXX: éX ;}SZRG(HO)XMX'M
1077 = w— ) — " =u
- J WW Y - Xy ]
- B v osc. ]
I K- 7tX 1
10_6ﬂ | \\\HH‘ | \\\HH‘J | \\\HH‘ \\\HH‘ 4108
1073 1072 107" 10° 10’ 107
My (GeV)

Babu Friedland Machado Mocioiu 2017
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Flavor Physics

K — 17X — vy

tanB = vo/vy = 10 Longitudinal enhancement

T ’.v:‘)r\ ’

W H* Gw

—_
o

o
R

%

10~

/’_\\
// N
c,t ¢t \
5 —tt -t -t <t d S —=a g

I \\HHW
| \\HHN

2| _
107 Yorr
S 1073 E
I ——BoKX '
1074 - —Tpr ~10°®
- APV 1
I Dtsntete |
1075 B poO-—po -1077
- WY = Xy i
B (0 v osc. 1 Inami Lim 1981
.| K 7tX ) 1 Hall Wise 1981
1 O_ ﬂ | | [ ‘ | | [ ‘J | | [ ‘ | [ ‘ | [ \j 1 O Frere Vermaseren Gavela- I 98 I
1073 102 101 109 101 102 Freytsis Ligeti Thaler 2010

E949 2008
My (GeV)
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Flavor Physics

K — 17X — vy

tanB = vo/vy = 10 Longitudinal enhancement

100% I T TTTT I T TTTT I I T TTTT I T TTTT )
- o
B /et c,t\ \
i | < d
10~ = E
-2 _
1075 Yot -
X 10—3 )
X X
v LI Vi~ (15— 0.60)107T S 2
9672 M x MX
10~
T ~5x10"%eV  BR(K — mwv)=(1.7+1.1) x 10710
107° - et i 24 =107
& W Y =Xy :
: B v osc. 1 Inami Lim 1981
I K- 71X | Hall Wise 198|
10_ T‘ | | | \\\H‘ | | | \\\H‘J | | | \\\H‘ | | \\\H‘ | | \\Hj 10 Frerevermaseren Gavela- |98I
1073 1072 1071 100 101 102 Freytsis Ligeti Thaler 2010
E949 2008
My (GeV)
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tanB = vo/v4 =10

Y to XY

Longitudinal enhancement

- 2
[P(0)? |A(0; 00 — X19)|”  2g%vim?

10()* T T 11711 T T 11711 I N R T T 11711 /j10—2
107" | < _ BR(T > X1)
] / ~ BR(T — ete)
1072 =2
- Ay ~ A(0)¥(0)
5 107 - =107
I ——B-KX :
1074 - —I'p -107°
: APV ]
I Dtsatete
1075 - Bl pO-po -1077
: WW Y - Xy .
- I v osc i
I K- 7tX )/ 1
10_61 | | \\HH‘ | | \\HH“ | | \\HH‘ | \\HH‘ | \\H\i/IO
1073 1072 107" 10° 10 107
My (GeV)
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14(0) |2 }A(O; bb — e+e—)’ — 9e2viM%

-="
-
-

b X
;L
DY — DO
Log = C(Qz)(ﬂL%&CL)2
2
o 9% Vi Ver]
59 x 107
O 2 )
( D) < Tev2 lovV
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tanB = vo/v4 =10

100;\ T T 11711 T T 11711 I T T T 1717 T T T 1717 10—2
107" - -1073
o] i
10 : Yo1r1 - 10
S 1073 4 -107°
I ——BoKX :
1074 - —I'p -107°
: APV ]
i Dt-atete
107% - |l p0-p° -1077
: WW Y - Xy .
- I v osc i
I K- 7tX )/ 1
10_61 | | \\HH‘ | | \\HH“ | | \\HH‘ | \\HH‘ | \\\Hillo
1073 1072 107" 10° 10’ 107
My (GeV)
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YtoTT
Only third family couplings

['(Y(1S) = 7r77)

o = FT(18) = )

1.005 4 0.013(stat.) 4+ 0.022(syst.)
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Flavor Physics

tanB = vo/v4 =10

100* [ A A [ A A \ [ A A [ A A \ 10—2
10_1* *10_3
10_2* ?
> 107 - P
1074 —TI'p -107°
- APV ]

i DtSsntete i
1075 - Bl pO-po -1077
: WWY - Xy -

- 4 I v osc.

I K- X 8
10_6ﬂ | | \\HH‘ | | \\HH‘J | | \\HH‘ | \\HH‘ | \\\Hj'lo
1073 1072 107" 10° 10’ 107
My (GeV)

Babu Friedland Machado Mocioi
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Neutrino oscillations
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Flavor Physics Vr Vr

X
V4
tanB = vo/v4 =10
I T T TTTT T T TTTT I T T TTTT T T TTTT T T TTTLI _2
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€rr from atmospheric neutrinos: DUNE!?
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Conclusions
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Low scale flavor models

There could be flavor dependent physics
below the electroweak scale

Synergy between vastly different physics:
neutrino oscillations, higgs decays, b-physics,
APV, meson oscillation and decays...

Neutrinos experiments can be sensitive to
physics beyond the reach of collider experiments

Do B anomadlies point to a flavor dependent new interaction?
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Best constraint on &t comes from atmospheric neutrinos
Will the current bound be improved by DUNE!?
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Best constraint on &+ comes from atmospheric neutrinos
Will the current bound be improved by DUNE?
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Ca = (aCw€E + (qugf + Sx \/92 + 9/2(]5)
Light X: vV dominates

Hadronic cross section:

; ['(X — hadrons) = ['(X — u"u”)R(s = My)

o(eTe” — hadrons; s)

R p—
() o(ete” = ptu;s)
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tanB = vo/v4 =10
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Electroweak T parameter
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tanB = vo/v4 =10

Atomic Parity Violation

mixing with Z boson
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Scalar sector
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)\S 2 * *
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ZtoffX

Light X (longitudinal enhancement):

- N, M 14 M
NZ — ffX)= 09 =My |yfx\2 [ <1+log M2> +g <—§+log Ve )]
X

Heavy X (transverse modes):

dU'(Z — ffX) My
dr ~ 678 (gl + gheh)( (@) + ha(x))
2 B T
hl(X)=2x10gx+]/x 4R by () =TI FR=X) (1+R)logx+]/x 4R
x—]/x*—4R X x—]/xz——4R
‘|—l/x2__4R(-1——l—R x—}f__i_ﬁ_z__Z) —]/x2—4R(l-|-_R_ -—-—-—I— x2 +5)
\R R 12R 3 R R 12R 3

Marciano Wyler 1979

. g . g g (4s;, g
gy = (s, —1), gh=-"—, gy = ( —1>, g4 =7

2F Fermilab
46 Mar/2018 Pedro A. N. Machado | Flavor gauge models below the Fermi scale [arXiv:1705.01822] pmachado @fnal.gov



mailto:pmachado@fnal.gov

Meson oscillation
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Phenomenology
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tan ,B= Vol V4
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