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Gross Outline

® Anomalies in B decays
® Low energy EFT description
e SM EFT description
e Adding Flavor: Minimal Flavor Violation

® From Minimal To Maximal: Gauging Flavor
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Flavor



The Flavor Puzzle

e Why 3?

e Whyu:c:t,d:s:b,e: ..
e Why Vkm= 1 (approx)

e but (Urmns); =1/73 (approx)

and more importantly
e Why have we made no progress?



Rare B-meson Decays

L W s

— 1
Tasm: ALy

e In SM.:

e Weak process (M ~ 100 GeV)
e ]-loop suppressed

e CKM suppressed

e Large number of processes and observables

e Pure leptonic or semi-leptonic are “reasonably well”
predicted

m- Tests of NP



Altmannshofer and Straub, 1411.3161

Examples:
BO — K*O’y B — Xs'y
Obs. SM pred. measurement pull Obs. SM pred. measurement pull
10° BR  4.214+0.68 4.33+0.15 HFAG -0.2 101 BR 3.15+0.23 3.43+0.22 HFAG -0.9
S —-0.02+£0.00 -0.16+0.22 HFAG +0.6
B, — ptp~
B, — ¢ptp~
Obs. SM pred. measurement pull
Obs. ¢ bin _ SM pred. neasurement pull 10° BR 3.404+0.23 290+0.70 LHCb+CMS +0.7
0.21+0.15 CDF 1.7
[1, 6] 0.48 £ 0.06 + B s X +,,—
107 dBR 0.23+£0.05 LHCb +3.1 sk H
dg?
0.80+0.32 CDF -1.2
[16,19] 0.41£0.05 0.36 +0.08 LHCb +0.6 Obs. ¢? bin SM pred. measurement pull
opr 6] 15901l 072£084 BaBar +10
[14.2,25] 0.24£0.07 0.624+0.30 BaBar —1.2
B — Kutp~
Obs. ¢*> bin  SM pred. measurement pull
0,2] 2634049 245+160 CDF +0.1
[0.1,2] 2.71+0.50 1.26+£0.56 LHCb +1.9
[2,4] 2.76+047 1.90+0.53 LHCb +1.2
108 9B [2,4.3] 2774047 255+£1.74 CDF  +0.1
[4,6] 2.8140.46 1.764+0.51 LHCb +1.5
[15,22] 1.19+0.15 0.96+£0.16 LHCb +1.1
[16,23] 0.93+£0.12 0.37+£0.22 CDF +42.2 Note:

e Charmonium windows
e Improved prediction near g%max



LE-EFT as parametrization

 SM described by EFT at low energies (or LE-EFT)
(pedantic reminder: “low” 1s < M, “high” 1s Mw)
e Operators are Poincare and gauge invariant (QCD x EM) of dim 6
It works pretty well ... (if you do your homework: NLL)
Anomalies (if any) described by
*  Wilson coefficients modified w.r.t. SM
* additional operators, absent from SM

In LE-EFT of the SM (10 operators):

10
4G
SM: Lot =——= Y Aps | CLO} + C208 +> " C,0;
f p=u,c 1=3
Of particular interest for rare radiative decays:
€ e? - e?
O7 = (4ﬂ)zmb[§0'uVPR b Flw, Oy = (47r) [SWPLb] 7], O = (4

(42 (57, PLb) 17" 51]



BSM include also Pr <= P above, denote by adding a prime

and in addition 4 scalar and 2 tensor new operators:

2 2

e . — e B _
Og) — (47_‘_)2 [SPR(L)b] [ll]7 Og) — (47T)2 [SPR(L)b] [175”7

e’ - e’ _—
Or = (477)2 50, b]|la"1], Ors = (477)2 50,0 [lo™ 5]






CrRL THIS WASN T PREDICTED
5 IN OUR MODEL — WHAT
SHOULD WE DO ?

LARGE
HADRON
COLLIDER



Quantity Value Standard Model Pull
My [GeV] 91.1876 + 0.0021 91.1880 + 0.0020 0.2
Ty [GeV] 2.4952 + 0.0023 2.4955 + 0.0009 ~0.1
I'(had) [GeV] 1.7444 + 0.0020 1.7420 + 0.0008 —
[(inv) [MeV] 499.0 + 1.5 501.66 + 0.05 -
T(+07) [MeV] 83.984 + 0.086 83.995 + 0.010 —
Chaa[nb) 41.541 + 0.037 41.479 + 0.008 1.7
R. 20.804 + 0.050 20.740 + 0.010 1.3
R, 20.785 + 0.033 20.740 + 0.010 1.4
R, 20.764 £ 0.045 20.785 + 0.010 0.5
R, 0.21629 +0.00066  0.21576 + 0.00003 0.8
Re 0.1721 =+ 0.0030 0.17226 + 0.00003 ~0.1
Al%o) 0.0145 + 0.0025 0.01616 + 0.00008 0.7
Al 0.0169 + 0.0013 0.6
AR 0.0188 + 0.0017 1.6
Al 0.0992 + 0.0016 0.1029 + 0.0003 —2.3
Al%0) 0.0707 + 0.0035 0.0735 + 0.0002 ~0.8
Al 0.0976 + 0.0114 0.1030 + 0.0003 —0.5
52 0.2324 + 0.0012 0.23155 + 0.00005 0.7
0.23176 + 0.00060 0.3

0.2297 + 0.0010 ~1.9

The danger
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(8-2)u
but not (g-2).

The danger

JN 09 (e*e -based)
—301+65 e

DHMZ 10 (t-based)
—197 54 F—aA—

DHMZ 10 (e'e")
—289 49 f ® 1

HLMNT 11 (e*e)
—263 £ 49 —e—

BNL-E821 (world average)
0+63
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FIG. 20. (Color online). Comparison of the results of this
analysis (light band, blue) with predictions that include a
charged Higgs boson of type IT 2HDM (dark band, red). The
widths of the two bands represent the uncertainties. The SM
corresponds to tanf/m g+ = 0.
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Descotes-Genon, Matias and Virto,1307.5683

See also

Beaujean, Bobeth, and van Dyk, 1310.2478
Altmannshofer and Straub, 1411.3161 & 1308.1501
Hurth and Mahmoudi, 1312.5267

Jaeger and Martin-Camalich, 1412.3183

B— K*utu~

For example:

—2Re(H; Hy* + HHY")

P, = ‘
VUHER + [Hy P+ [HEP | H P
o Re[(Hy, — H{)HY + (Hy — HE)HY]

5 = —
VHYP + HP)(HY P+ [Hy 2+ [ H3 P+ [Hy ?)

Neglect charm, use HQ/LE sym,
neglect o

P1:0‘

Pé - 2 2 2 2\’
V([Co 12+ [C10[?)(|Co L2 + [Co0[?)

Cou = G5 (¢) + 2222 O, Cy | = O (¢P) + 2 O5
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The Rx anomaly LHCb, 1406.6482

B(BT — KT
_ B i) 0.7457 074 (stat) & 0.036(syst).

Rk =
K B (BT — KTee) N

g% in [1,6]GeV?

SM gives 1.0 to good approximation
(you do not need a calculation, they do not need to employ you)



The Chase Begins

Model Independent approach: use LE-EFT

Cs

> Cp
Problem: too many parameters,

Aha! We have seen the Higgs.

| BSM: assume LE-EFT follows from HE-EFT: |
V ‘
|

assume EW-gap
+

linearized realization of EW symmetry




How can this matter?

In low energy (LE) EFT: Among several ops, find

5o b][eoye]  ad  [SoHVb][€0 ) 5€]

Now in full SM with heavy NP:
quarks: qr. :2l, URrp — 12, dRzl_

recall:
leptons: 14 L — «_

Only gauge invariant LR combination:

5rR0" qr][lLouver]

Not only is there only one possibility (rather than 2), but in this case it vanishes!

(because O‘“V(l — 75) X O'M,/(l + 75) = 0 identically)



Full b —» s 1" I story

With full SM symmetry, EW-gap (14 operators)

Qaw = g2(qs0""br)T H W,ﬂ/a Qas = 91(qs0""br)H By,

dipole like: , FoIgo 5 ;
Q= ¢2H ! (50" @)W1, Qs = g1 H'(5r0" q4) B,

L) = (HT@D H) (@s7"av)
@532, = H'i(r' Dy — Dyr Y H(@r '+ )

R g _
QHd = (HTZDMH) (SR’Y’LLbR)

higgs-current

Quy = [Cvu0) (@7 ), Q) = [yt 0@y " ),
stermion:  @ed = ([RVulr)(57"bR), Qea = (Ly,0)(57"br),
Qqe = (Tsvuq) (IV!1R), Qeedq = (q sb )(IrE),
Qteaq = (L1r)(5rq)



LE-EFT coefficients given in terms of “high energy” coefficients.

Most interesting:

472 p?
[ [
A2 2
lr lr /
CS — C1P — 62)‘1&3 A2 Céedq
Cr=Cprs =0

These are 6 LE-EFT-WC’s in terms of 2 HE-EFT-WC’s !

These are definite predictions that depend on very few assumptions:
e No new light states
e Linear realization
e  Corrections of order (M1 / A)?

| e— ——



p-value

B, — 171
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VA - - NLO pred ~— LHCb+CMS o | [ S }
NNLO wio A m, =l
=3 NNLO pred = M| | |
‘.0':’]’77~"~1 L L 1 r:’?"*: LA B ,.b ‘o: “ 0.7
[ : ] = L] | Bos
08 |- ' . = 1
' 0.5
; % 40 - ]
06 : .,' m" : 1 0.4
L ' E } . o3
04 : - 20 . {
i - ! , NLO | Boz2
o 1 h NNLO" e [
: ‘| ol_... PRPE --!.. ........ Li-- ...... 1 0.0
i 1 FAY 00 P\ . ‘y L o ! : y s
0 == 25 3.0 35 4.0 Br(B, —uu) [1 07
Br(B, —»uu) [107)
n ll
By _ 1+ AAr ¥Yq (\5]2 + \P|2)
(Bql) SM 1+ 1y,
s_ [ 4ml2 Cg — Cgv p— Cio — Cio Cp — C}D - 2my (my, + my)C1”
— — , — | o= . .
7n2Bq Tql Clsév[ Tql M3,
L, C¢s+0Cs
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Moral: only “vector % vector” operators may significantly contribute to Rx
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Rk Ps’

2 2m
j—; = Cr 15|3>\é5|5 B y? (‘09 +Cy +2 ‘2 +[C1o + Cio| ) 505 ~ —1,
or for left-handed, this too:
§CY — 5C¢ € [~1,0], sCt — 505, € [0, 1], » .,
5CY —6C§ € [—1,0], 5Cty — 6C5G € [0, 1]. 0Cy = =07 = =05,
Consistent with both
o
5CH = —5C1 = —0.5,
e __ —_
5CE = 6C¢, = 0.
LE-to-HE connection
dr? o2 D) ) dr? 02 D) _ )
6Cy = 5 (Cae + Cly +C1) s 6C10 = 55 (Coe = O = CF),
i e2\; A2 \1° + 10 €2\, A2\
B(Bt — Ktvp) < 1.7 x107° ;
B(B® — K*vi) <5.5x 1077 | 0, =(e—>2[czwﬂPLb]w<1 — 5,
B(BT — K*Tvp) < 4.0 x 107°
. O O T
an order of magnitude larger than the SM VT2 ; A2\l lq

eventually can nail down C) and C® separately

Flavor??? Completely model independent so far. Let’s assume ...



Minimal Flavor Violation



Minimal Flavor Violation (MFV)

Chivukula and Georgi, Phys.Lett. B188 (1987) 99
D'Ambrosio et al Nucl.Phys. B645 (2002) 155-187

® Premise: Unique source of flavor braking

e (Quark sector in SM, in absence of masses has large flavor (global) symmetry:
Gr =SU(3)° x U(1)*
e [n SM, symmetry is only broken by Yukawa interactions, parametrized by couplings Yv and Yp
—Lyvuk = HqpYour + HgpYpdp
= evHqLYvur + epHq Ypdg

Normalize: tr(YJfo) = tr(YgYD) =1
Breaking of U(1)? characterized by v, ep

e MFV:all breaking of Gr must transform as these

e When going to mass eigenstate basis, all mixing is parametrized by CKM and GIM is
automatic

® Approach: via effective field theory: at low energies only SM fields

e Note that many models are like this. For example, MSSM/gauge-mediation



How does this work?

Consider K; — i

Recall, Gr breaking from: —Lvuk = evHqy, f/UuR + €p [:IQL?D dpr

Implications of Gr? use spurion method:

i0 . .
qr, — € Viqr Y — ViYu Vil ey — eiPabu) ¢,

0
ur — e’ Vyu - ~ (6. —
me e Yp = ViYpV) ep — 'Ga0d)e,
dR — e dVddR

1
Effective Lagrangian »Ceff — F E CZOZ

among the operators have, for example

L VMQLVLVMVL

2
In mass basis qs Vii— 2 spyudr vy vy
g=u,c, t

As needed it includes the factor

VEViglms Jv? ~ A*XN> =~ 5 x 107*



Minimal Lepton Flavor Violation
and
Lepton (non)-universality



Minimal Lepton Flavor Violation

Cirigliano et al, NPB728(2005)121, hep-ph/0507001

e Extension of MFV to lepton sector
® Need assumption on origin of neutrino masses: Dirac vs Majorana

® [n charged lepton sector
—Lyvuk = epHlYper

Gr =SU(3)? xU(1)?

EL — Gwﬁ ‘/gfL Y — VEYEVJ
: (00 —0.
er — e V.ep ep — 00y

® [gnoring neutrino masses (small!), a symmetry transformation

V2

Y — VKYEVJ =
vleg|

diag(me, my, m;)

® Unbroken symmetry
U(3)*> — U(1), x U(1), x U(1),

Flavor conservation without universality! (caveat, up to neutrino “Yukawas™)



Application: Rx anomaly.

There are claims that violation to lepton universality implies Glashow, Guadagnoli & Lane, PRL114, 091801 (2015)
(unacceptably large) lepton flavor violation

With MLFV lepton flavor violation is controlled by neutrino “Yukawas” (much as in SM-+neutrinos)
while lepton universality violation is controlled by charged lepton Yukawas

4-fermion operators inducing b — si/ Alonso, BG, Martin Camalich, arXiv:1505.05164

Qb =(@v"qL) (Fy,l1) QW =(a™"qr) - ((Fulr)
Qua =(dv"dg)(Ly,Lr) Qqe =(qvuar) (€Y eR)
Qea =(drY"dR)(EVueR) Qredq =(Crer)(drq)+h.c.

Coefticients constrained by MFV+MFLV

Cél) Cé;) S}'uf/u ® Ae A@T) Céq) Céz) Y YT ® f/ef/;’
qu —Cqe Yuffj & }A/eTf/:e, Céedq —Cleqd €6€d YdT}A/U,}A/J & f/e-

Lessons: 1. Scalar operator additionally suppressed! 2. Prediction: t-enhancement:
Bor ~1x 1073, B(B— Kt 77)~2x 1074,

Enhancement shows up in b —svv too. This sets <C(§1) - 0(53)) , > 0.03 (C(gl) + Cég)> ,

looks fine tuned, but appears naturally in models


http://arxiv.org/abs/1505.05164
http://arxiv.org/abs/1505.05164

Charged currents too!: Qéz) :(a?fy“’q];) . (EF’)/'LLEL) & b— ety

. 1 PP 4 L e e
So consider LN = (@ Oy qr) (T F(Ve Y)ule) + (a0 CPFar) - (Fp F(Ve V)t
(
with F'(1)=1,F(1) = f
2

(%
Need 7 charged current = 0.16* V= Az (VCS(Cég))Sb + Vcb(Cé:g))bb) f
v vt _
F = Yeife A=1TeV A =3TeV (0(53))% <1
10 4 '
| Ryo :
5.9 e
\6@
o 6f \I/
= B 1tV I
%u_ (lﬁ' ol B -1t v
T il
ol Re I
8o 01 02 03 04 05 % 1 > 3 4

(CP) Cu=(C¥)



Comments

1. Surely wrong. At least one anomaly will go away (Feynman?)
2. Easy to include MFV on quark sector too
3. Can produce this EFT from integrating out leptoquarks.

1. Need MFYV fields Extended to leptons) Arnold, Pospelov, Trott & Wise, 0911.2225
BG, Kagan, Trott & Zupan, 1102.3374 & 1108.4027

i1. Classify all models (scalars and vectors):
e Get relations between CWs

e One stands out: vector, SU(2)w-singlet, Y = 2/3, SU(3).~-fundamental


http://inspirehep.net/author/profile/Arnold%2C%20Jonathan%20M.?recid=836696&ln=en
http://inspirehep.net/author/profile/Arnold%2C%20Jonathan%20M.?recid=836696&ln=en
http://inspirehep.net/author/profile/Pospelov%2C%20Maxim?recid=836696&ln=en
http://inspirehep.net/author/profile/Pospelov%2C%20Maxim?recid=836696&ln=en
http://inspirehep.net/author/profile/Trott%2C%20Michael?recid=836696&ln=en
http://inspirehep.net/author/profile/Trott%2C%20Michael?recid=836696&ln=en
http://inspirehep.net/author/profile/Wise%2C%20Mark%20B.?recid=836696&ln=en
http://inspirehep.net/author/profile/Wise%2C%20Mark%20B.?recid=836696&ln=en
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Happenings

You're going to be told lots of things.
You get told things every day that don't happen.

It doesn't seem to bother people, they don't—
It's printed in the press.

The world thinks all these things happen.
They never happened.

Everyone's so eager to get the story
Before in fact the story's there

That the world is constantly being fed
Things that haven't happened.

All | can tell you is,
It hasn't happened.
It's going to happen.

Donald Rumsfeld—Feb. 28, 2003, DoD briefing



Gauging Flavor



e “why have we made no progress”
(Why 3? Why hierarchy of quark/lepton masses? Wherefrom texture of
CKM and PMNS?)

e Black holes: No global symmetry (other than accidental)



Issues

e How do we make sense of transforming Yukawas?

e Spurions: VEVs of fields:

under Gp = SU(3), x SU(3), x SU(3)4 introduce new fields
Yy =(3,3,1)
Yp = (3,1,3)

and Yukawa coupling constants are (Yir), (Yp),

e New Problems

1. Goldstone’ s theorem = 8+8+8 Nambu-Goldstone Bosons = FCNC disaster
2. Renormalizability? Hqr,Yyur, HgrYpdr, are operators of dimension 5

e Solution to problem 1: gauge Gr

e New Problems: ! 2 o
i. Anomalies: G/ and GF x U(1)y

1. Invisibility (high scale): next slide
ii1.Renormalizability (problem 2) still



“Invisibility™
Massive vector bosons mediate FCNC

Masses: My ~ g(Yu p)

8 d 1
Ko-mlxmg.d M‘s <YU,D>2( d)( Cl)

= (Yy.p) = 10° TeV

... and much higher scales for heavy generations!

Hence “invisible.”



And then a miracle happens...

The minimal anomaly free extension of the SM gives

1. Renormalizable couplings

1
2. Inverted hierarchy My ~ ——

Yu.,D

where yy p are the usual Yukawa couplings

so that if My ~ 10° TeV for mediators among light generations, we can have

My, ~ @105 TeV ~ few TeV
my

for mediators among heaviest generations
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[ am going to show you a model as a table of fields and their transformation properties

When I see this in talks it induces this response

I promise it is not so bad...



The Model

SUB)g, SUB)y, SUB)p, SUB). SUR)L U@y
Qr 3 1 1 3 2 1/6
Ug 1 3 1 3 1 2/3
Dr 1 1 3 3 1 -1/3
. 3 1 1 3 1 2/3
U4R 3 1 1 3 1 1/3
v, 1 3 1 3 1 2/3
U, 1 1 3 3 1 1/3
Y, 3 3 1 1 1 0
Y, 3 1 3 1 1 0
H 1 1 1 1 2 1/2

L :»Ck'm — V(Ym Yda H)"‘
()\u @LﬁqjuR -+ A;j, ﬁuYu\I}uR + M, EUUR_F
Ad @LH\IJCZR + )‘ZZ Ede\Ide + My, EdDR + hc) ;

Note: all A‘s and M s are 1 x1 matrices



L =£km - V(qu Yda H)+
()\u @LﬁqjuR + )\; EuY:u\IJuR + Mu E’U,UR—F
Ad @LH\IJdR + )\& ﬁde\PdR + M, WdDR + h.C.) ,

For example:

WIM’\ %,d >>MV;A gef Seg -Sawn:

; 9 Q
Ue Mv 35, 00 M - = - XMy
S S ‘. j’u T
(Yu> H
Gon dh sxm.\w]y Y, i\‘:"g%

Bx skl My~ 3<% M

ﬁs* 3€m|ml'iom J,\xvar c\nmage <> lheaviest Vectors

3'4 a‘-e\/lem-haw > \Yﬁ‘/l‘h’)'}, \]ﬂai‘ “E)/\O\/J"\ J[lf LH’C?



Example

Choose M, (GeV) | My (GeV) | Ay | N, Ad AQZ 90 | 9u | 9p
400 100 1 [05]025]03]04|03]0.5
Compute
Y, ~ Diag (1-10°, 2-10%, 8-1072) - V TeV, Vv =1)
Y, ~ Diag (5-10%, 3-10°%, 6) TeV,
Spectrum:
pec 106
10° BT gy e T -
10* -
IR - 6 s e e
10° —
BT )
10 -
P
=)' .
1 —
- -
107!
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Excluded/allowed regions of parameter space
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Dirty laundry:

Can minimizing a Gr-invariant potential give the desired values of Yukawas?
See: R. Alonso et al, JHEP 1311 (2013) 187 arXiv:1306.5927

Orbit of enhanced symmetry are always extrema.
So the natural outcome would be not fully broken Gr.

Example: SU(3) with scalar field in adjoint, A. Two independent invariants, Tr(A?) and det(A)

I

SU2) @ U(1) SU(2) ® U(1)

Figure 1: Manifold M of the SU(3) invariants constructed from z=octet=hermitian, 3 x 3, traceless
matrix (green region). Each point of M represents the orbit of x, namely the set of points in octet space
given by: xz, = grg~"', when g runs over SU(3). Boundaries of M are represented by Eq. (3.1). The little

groups of the elements of different boundaries are indicated.



Lepton Twist

No SM, really:
e What is the fermion content? (Majorana vs Dirac Neutrinos)
e What is the flavor symmetry

Absent neutrino masses AND new fields,




Simplest:

SU(2) U(l)y SU@B)e SU(3).
/r 2 —1/2 3 1
eR 1 —1 1 3
Er 1 —1 3 1
Er 1 —1 1 3
Np 1 0 3 1
VE 1 0 3 3
VN 1 0 6 1

L :)\GZH(C;R—FMEgLGR—I—)\ggLyEgR—l—h.C.

- Y
+ A\, CHNp + TNN]C%;))NNR—Fh.c.

e R-Neutrinos are needed.
e Choice of Y, (in 6-rep) to allow for large Majorana mass.
e Phenomenology, interesting, ongoing, plus I run out of time



Take Home

e Flavor anomalies:
e Several different processes
» Several observed by N > 1 experiments
e Several persistent
e All involve leptons

e Suggestive pattern: the heavier the lepton, the larger the anomaly

e Fit
e Assuming linearized HE-EFT, few operators (modulo flavor)

e Flavor can be incorproated to limit further opertaors

e MFV+MLFV works well

e Gauged Flavor
e Neat for quarks

e Can 1t explain anomalies in gauged LF case? Ongoing.



The End



