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. Introduction: The Flavour Problem
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Huge hierarchies in fermion masses:

Yup~107>, yiop~1 etc

... why?
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Are the Yukawas the only source of flavour-symmetry breaking, as in SM?

i.e. are the third family really just “heavy copies”?

Joe Davighi, CERN-TH Institute, 31/10/2018 6



Possible answer: forget about naturalness

Perhaps we accept that fermion masses and mixing angles (CKM, PMNS) are
arbitrary input parameters with no deeper explanation behind their structure

At least they are technically natural (i.e. radiatively stable unlike m )

Joe Davighi, CERN-TH Institute, 31/10/2018 7
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LFUV in neutral currents
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LFUV in charged currents

Ry« = BR(B~ — DWrv)/BR(B~ — D¥puv)

2 [ = BaBar, PRL109.101802(2012) —]
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B anomalies suggest different generations have
different (gauge) interactions as well as different Yukawa structures

... a coincidence? Or a consequence of the same New Physics that
breaks flavour symmetry?

Joe Davighi, CERN-TH Institute, 31/10/2018
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An important clue

No evidence for LFUV in e.g. kaon/ pion decays (i.e. with light quarks)
or charm decays. NP in light generations is tightly constrained.

Want new physics coupling mainly to third generation

See J. Kamenik’s and G. Isidori’s summary talks

Joe Davighi, CERN-TH Institute, 31/10/2018
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2.Z” model for Ry« and fermion masses

Joe Davighi, CERN-TH Institute, 31/10/2018
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Can fit Ry with a single higher dimension operator in the SMEFT:

O o< [57,Prb|[py" Px ]

withe.g. P,=10r P, =P,

D'Amico, Nardecchia, Panci, Sannino, Strumia, Torre, Urbano, 1704.05438
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Z" models for Ry«

Need at least

WD (950205 Prb 4+ h.c.) + gi" Z iy Prye .

Can “mix in” couplings to b; s; and u; it; from
the third family — perhaps we can couple
the Z’ only to third family?

Joe Davighi, CERN-TH Institute, 31/10/2018
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Wishlist for a (UV) complete and simple Z2 model

Suppose Z’ is massive gauge boson for a flavoured U(1), gauge symmetry,
spontaneously-broken by flavon vev (6) # 0. We desire:

Respects SM symmetries - in particular SU(2),
Anomaly-free

No BSM fermions needed

Correct Wilson coefficients e.g. C, to fit Ry »)
Consistent with low-p; flavour constraints e.g. B; — B, mixing, kaon sector

Consistent with high-p; LHC searches e.g. dimuon

N o kW

Bonus: shed light on the flavour problem?

Joe Davighi, CERN-TH Institute, 31/10/2018 16



Intermezzo: gauge anomalies

No gauge-invariant way of regulating loop U1
divergences e.g. in triangle diagrams. Means the (1)
gauge theory is inconsistent™

Anomalies can cancel for specific sets of fermion
reps under G, as in the SM

SU(3) SU(3)

*or, at least, incomplete

Joe Davighi, CERN-TH Institute, 31/10/2018 17



Anomaly cancellation in Z” model building

Anomaly-cancellation not essential since heavy chiral fermions could have been
integrated out (can cancel any anomaly in an EFT with a Wess-Zumino term)

Preskill 1991

... but is a sure-fire way to define a UV complete(able) theory (modulo Landau poles)
Therefore anomaly-cancellation is a useful guide for model-building

For a U(1), factor in G, anomaly cancellation gives a set of nonlinear constraints on
the U(1), charges

Joe Davighi, CERN-TH Institute, 31/10/2018 18



Anomaly cancellation in Z” model building

—_—

1. SUB)Z xU() = ) | (2Fy, — Fu, — Fy) =0,
2. SU2)2 xU(1) = Y2 | (3Fy, + Fp,) =0,

5 - Linear
3. ULy xU1) = >0 (Fo, +3F, — 8F,, —2F,, —6F,,) =0,
4. Gauge-gravity = Y0 (6Fq, +2Fr, — 3F,, — 3F; — F,.) =0,
5. Uy x U(1)? = T2, (th_ F} —2F2 +F§i+F§) —0,

- Non-

6. U(1)® = T2, (GF& +2F} —3F3 —3F3 — F3) — 0, linear

Joe Davighi, CERN-TH Institute, 31/10/2018 19



Anomaly cancellation in Z” model building

Huge number of solutions including L, — L;, By + B, — 2B3, B3 — L3 if include 3vg
See W. Altmannshofer’s talk

Need some phenomenological input to cut-down possibilities
See also P. Cox’s talk

E.g. 1: Ellis et al. impose strong assumptions which knock out all the solutions.

Somewhat by accident... J. Ellis, M. Fairbairn, P. Tunney, arXiv:1705.03447

E.g. 2: if insist only on charges in one generation, we cut-down the possibilities to ...

... a unique solution

(End of intermezzo)

I

Joe Davighi, CERN-TH Institute, 31/10/2018 20



Suppose U(1). couples only to third family

There is a unigue anomaly-free set of third family U(1) charges

This is just third family hypercharge

FQi:O F f:O Fd;:[} FL;:U FER;:D i=1,2

UR R

Fo,=1/6 F, =2/3 Fy =-1/3 Fy,=-1/2 F, =-1

n.b. provides a basis-independent definition of third family — the states
that couple to U(1),

Joe Davighi, CERN-TH Institute, 31/10/2018 21



Suppose U(1). couples only to third family

... at this point Z’-ers typically introduce additional Higgs doublets to
write down enough Yukawa couplings — but this is missing an
opportunity!

Just SM Higgs, & assign

n.b. qualitative similarity with PS3

and then the only renormalizable Yukawas you can write down are

L=Y,Q37 Ht'y + Y,Q%, HVyp + Y; L3 HTp + H.c.,

Joe Davighi, CERN-TH Institute, 31/10/2018 22



..which is what we observe to leading order

i

Joe Davighi, CERN-TH Institute, 31/10/2018
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Assume other entries in Yukawa matrix come
from higher dimension operators -
suppressed by mass scale of heavy NP 4 : A

- First two families light (albeit degenerate —
unbroken SU(2)) SR SSR—

- Expect 1-3 and 2-3 quark mixing small
(almost diagonal) \_

- Lepton mixing not necessarily small
(depends on neutrino mass mechanism)

e
i
L
i

Joe Davighi, CERN-TH Institute, 31/10/2018 24



What higher dimension operators?

4
- e.g. from Froggatt-Nielsen ;
- or something else... i
requires more detailed model building
we remain agnostic for now \

Froggatt, Nielsen, NPB147 (1979) 277

Joe Davighi, CERN-TH Institute, 31/10/2018
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A Other stuff (???) e.g. vector-like fermions or heavy scalars
(responsible for light fermion masses after integrating out)

Energy Scale

10 TeV? Z’, 0 = flavon (responsible for B anomalies etc after integrating out)
v =0(100 GeV) H, W, Z, third family fermions (all set by Higgs vev v)
v/\" First two families of SM fermions (suppressed below v)

Joe Davighi, CERN-TH Institute, 31/10/2018 26



Energy Scale

10 TeV? Z’, 6 = flavon (responsible for B anomalies etc after integrating out)
v =0(100 GeV) H, W, Z, third family fermions (all set by Higgs vev v)
W\ First two families of SM fermions (suppressed below v)

This is bottom-up model building!

Joe Davighi, CERN-TH Institute, 31/10/2018 27



Third Family Hypercharge Model

Main idea: ban the light Yukawas (at the renormalizable level) with the
same U(1), spontaneously-broken, flavoured gauge symmetry whose
Z’ gauge boson explains Ry,

Joe Davighi, CERN-TH Institute, 31/10/2018 28



Third Family Hypercharge Model

NS
Ticks all the boxes for a UV complete (and simple) Z model for the B @,’)
data: anomaly-free; only SM fermion content; fits R, and other data

___________________________________________________________________________________________________________________________________________

Only renormalizable Yukawa couplings are

L =Y;Qs) Hthy + Y, Q4 HVyy + Y, Lay Horly + H.c..,

Lighter masses will come from higher dimension operators. Explains
coarsest features of fermion masses, i.e. heaviness of third family &
smallness of quark mixing

__________________________________________________________________________________________________________________________________________




The price to pay

Fy # 0

leads to Z-Z” mixing = strong constraints e.g. from LEP precision
measurements



Z‘Zl m IXl ﬂ g See also S. Fajfer’s talk

Mass matrix for neutral gauge bosons:

2 gf‘2 _gg! E}'EQF _B]Iu
2 " ' : 73
My=—1 —99 ¢ —g9rF -W;
g9r —g9r gp(1+4F5r?) | —X,

U(1), gauge coupling flavon charge

from expanding scalar kinetic terms around vevs v and vy = (0)

Diagonalize - physical gauge bosons (and masses)

Joe Davighi, CERN-TH Institute, 31/10/2018

r=vg/v>1
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Z-Z mixing

2" and 3™ eigenstates mix heavy 3" eigenvalue

Physical Z contains small admixture of the X:

Z,, = cosa, (—sinb, B, + cos b, ”;f) (s az Xy

. . N2
where mixing angleis: .~ OF My
i - /2 + g2 \ M}, ‘

Joe Davighi, CERN-TH Institute, 31/10/2018

r=vg/v>1
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Z’ couplings to fermions

In weak eigenbasis, Z” couples only to third family:

1 1 - o |
— b PO 28 APTL o AP I - A A b -
A‘CX?P — HF (EQBL i QSL ZLBL i LBL (BR ! (SR _I_ BHBR f H‘SR 3”}31;% f HISR _:sip._.

Rotation to mass basis induces couplings to lighter families, including to
bysy and pppy

Joe Davighi, CERN-TH Institute, 31/10/2018 33



Z’ couplings to fermions

In mass basis:

1 ] —
Lxy = gF (EU_LA{HL}’T‘GUL + gdLA(dL)f}f‘”dL—
1
EHLA(HL)ﬁ ng — §ELA( L)A Per+
2
1—
ng AR)APAR — R A(ERJTPER) 7
000
AD = viev, c=1[00 0
I
001

I € {‘H-Lj dr.ep. vy, up, dp, ER}

p'.‘
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The model does not yet predict the mixing matrices I/; (because have
not specified where the higher dim eff Yukawa ops come from)

Rather, the V; matrices are inputs which must be consistent with CKIV
(V) and PVINS (U)

V=viv,, U=ViV,.

Uy,

To compare with experiment, we must make a specific choice

Joe Davighi, CERN-TH Institute, 31/10/2018
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(Some) other models for B data and fermion masses

Z’ models:
A. Falkowski, M. Nardecchia, R. Ziegler, 1509.01249

From a U(2) model
* More detailed model than ours see Ziegler’s talk

» Z’ strongly coupled to light generations (Higgs uncharged). Strong pp — uu
constraints

* Froggatt-Nielsen framework not anomaly-free

With a fourth vector-like family S.F. King, 1806.06780
* Two Higgs doublets
* SM fermions uncharged; couple to Z’ through additional fields
* Our solution is “more minimal”

Joe Davighi, CERN-TH Institute, 31/10/2018 36



(Some) other models for B data and fermion masses

Leptoquark models: e.g. F. F. Deppisch, S. Kulkarni, H. Ps and E. Schumacher, 1603.07672

* Global U(1); symmetry with fermion masses from Froggatt-Nielsen
* Leptoquarks separately assigned charges which explain B data
* Fermion masses and B data problems effectively “decouple”

LOOp model: B. Grinstein, S. Pokorski, G.G. Ross, arXiv:1809.01766
. S, .
* Froggatt-Nielsen setup for Yukawa structure ,
* Ry~ anomaly from heavy vector-like FN fermions in loops i
* Stabilize flavon with Z, — DM candidate
 Anomalous g-2 of muon

Joe Davighi, CERN-TH Institute, 31/10/2018 37




3. Experimental bounds on Third Family
Hypercharge Model

Joe Davighi, CERN-TH Institute, 31/10/2018
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Example Case

A straightforward limiting case:
1 0 0

Vi, = | 0 cosflg, —sinfg and Ve, =
0 sinfy, cosfgy

A one-parameter (85, > 0) family of example cases

Joe Davighi, CERN-TH Institute, 31/10/2018

100
001
010

Vi, = Va, Vi Vi, = 1 Vip = 1 V,, =V, 7t

er,
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o ——— i — — i — i — i — i — — i — i — i — i — — — — — — — — — — — — — — — —— — —— ——— — — — — — —

: 10 0 100 )
Example Case | va=|0csts—singy | and v, =[001
0 sinfly, cosfy 010

o ————— —— — — — —
——— e — —— — ————

1 1—— 1 1
Lxy = gr (EU_LA(“L)’F‘”HL * gdLA(dL)'}*’”dL N §H—LA{”L}'}"’HL — ALY B
+3trRY'tR — 30RY'OR —TRY'TR ) Zp,

where A(%L) = VVijvdLVT, AmL) — UVJLSVELUT, and
0 0 0

A€ = | 0 sin26,, w@
0 5 0

5 8In 20, cos® g,

Joe Davighi, CERN-TH Institute, 31/10/2018 40



Bound 1: Fit to Ry,

Recall good fit to Ry from EFT operator O = C'[s7,,PLb| [y Pr ]

( (
Exy = (J_F sin 20457/ Pb — -y Pry + H .(:.) Z+...

12 2
: : : .. g% sin? 26,
integrate out Z’ to obtain Wilson coefficient €' = —'}FQMIQ :
N2,

— constraint on gr/M,, (95% CL):

My 0.04 My 0.04
1 . < gF < 1 o
2.53 TeV'\| 5 sin 20y, 1.46 'TeV || 5 sin 260,

D'Amico, Nardecchia, Panci, Sannino, Strumia, Torre, Urbano, 1704.05438

Joe Davighi, CERN-TH Institute, 31/10/2018 41



Bound 1: Fit to Ry,

n.b. there is now a contribution to Ry« from Z exchange, due to Z-Z" mixing
- but subleading /

Joe Davighi, CERN-TH Institute, 31/10/2018 42



Bound 2: neutral meson mixing

Loop-suppressed in SM, but tree-level in Z” model:
£ I < S
Zf
By wg sw B, ><
s — b ;
Gives a constraint on the Z’ coupling to b; s;

M 7
148 TeV

% $in 20, <

Joe Davighi, CERN-TH Institute, 31/10/2018
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Bound 2: neutral meson mixing

Loop-suppressed in SM, but tree-level in Z” model:
. . < s
Zf
B! wg sw B, ><
Gives a constraint on the Z’ coupling to b; s;
Using 20 2016 FLAG averages

) I —— for bag parameter Bp_and
g_F sin 2995} < A[Zf hadronic form factor fz_, NOT
12 ' 148 TeV the recent Fermilab/MILC result

Wal

Joe Davighi, CERN-TH Institute, 31/10/2018 44



Bound 2: neutral meson mixing

Loop-suppressed in SM, but tree-level in Z” model:
£ . < S
Zf
By wg sw B, ><
s — b ; b

Gives a constraint on the Z’ coupling to ELSL e

Wal

0 | 0 0
/ AYL) = 110 sinf0y 5 sin26y,
gr Mz v O 35020
148 TeV

ecall, no Z’ coupling to b;d; or s;d;, so
o constraints from kaon or B; mixing

-5 N

Joe Davighi, CERN-TH Institute, 31/10/2018
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Bound 2: neutral meson mixing

We also have a BSM tree-level contribution from Z exchange

(
44;

3&, ﬂrb (ng 4 o, ﬂ«;b Sthel,
2 s [ |/ il
~ - sb = (is[e&:ma(% . - %_S_L (\( e )( ,})
i = [ ]
‘ZM%rz Joe Davighi, CERN—THInstitute,31/10/;§ZE—r‘ 2"{%’ 31*511 Mi‘ig; _I



Bound 3: LFU of the Z boson

Z boson now couples differently to muons and electrons; need to be
consistent with LEP measurement:

[(Z —eTer)

R = 0.999 £ 0.003. R = .
LD I'(Z — putp)

In Third Family Hypercharge Model,

€L€L ERER |2

+ 195
[z

97
Rinodel = |g%L,uL ‘2

HRHR |27

Modified in TFHM due to tree-level
Joe Davighi, CERN-TH |nstitZe',Z1,/1mj)2§ing 47



Bound 3: LFU of the Z boson

In Third Family Hypercharge Model, have X couplings to leptons:

1

EHFX) jr,
7z (~59W° - 598 ) 7+ o (~d'B) en + 77 (~6X) ma

1 s 1 1 s 1
Eszf=t‘-n( EHW Eﬂ’ﬁ')cnim( EHW EH’E?

rotate to gauge boson mass basis - Z coupling to u; u;

‘gE’Lf’L ‘gf’Rf’R 2
Rmodel = |g%LML 2 ‘gﬂRﬂuR ok
1 1

L L
ghEPE = ——gcosb, + =g sinf,, —
Joe Davighi, CER%TH Institute, 31/1&2018 2
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Bound 3: LFU of the Z boson

Taylor expand R,,,,qe; in SIN &,

Rmodel = 1 — : i
e (g cos By — ¢ sinb,)2 + 49/ sin? 4,

Comparison to LEP LFU yields constraint:

14%%(

My

o ( Mz \?
gF _ < 0.0017 = gr <
My

Joe Davighi, CERN-TH Institute, 31/10/2018

2.2 TeV

My
My

:
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Bound 4: top decays

Have terms in lagrangian coupling Z’ to up-type quarks:

Ly = %F (/&(IEL)— PPt + /\L(u )Le-}_.erLt_I_H‘C‘) X,

which yield (given Z-Z” mixing) new top decays to Zg, where g = u, ¢

But couplings small 0.0002 0.001{0.012
. AL =1 0.001 0.0060.079
— constraints very weak n

(0.012 0.079/0.995

Joe Davighi, CERN-TH Institute, 31/10/2018
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Combination of constraints

OfF (1 TEVI'MZI)

1.4 ——

1.2

1E
0.8 |
0.6
0.4 |
0.2 |

5 LEP LFU
- Bs-Bsbar mixing

0_||||

S
Rk (*)

White region is
allowed at 95% CL
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gfF (1 TEV/MZI)

Combination of constraints

1.4

1.2

1t
0.8 |
0.6 |
0.4 |
0.2 |
o Ets

- LEP LFU
- Bs-Bsbar mixing

[ | [ [ [
R (*)

12

10 |

OF
(@)

0 0.05 0.1
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ictions of the Third Family

Hypercharge Model
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High p: collider searches

See A. Greljo’s talk

ATLAS Collab., 1707.02424

g . ATL:-'.S B ¢ Da;a
. Vs =13 TeV, 36.1 ib! ) zv
NO Z prlmes at LHC VEt. Dimuon Search Selection  [Jij Top Quarks
[_] Diboson
. i 4 —— 7, (3TeV)
M,, < 4.5 TeV excluded, assuming Z I
couples as SM Z 10° [ — 7, (5TeV)
* Need to recast bounds for TFHM (2’ Tf
. . E
has tiny couplings to valence quarks) T
10-‘E -‘i.
.. 107 E
HL LHC prOJeCtlon? o 14El = : I,...—.
5 12 —— _E
HE LH C? :g G.J; & _§
O 06 | -
FCC? S T 01— E
g i Bt ™ 1t (1031 —— E
0 ] TSSOSO IUPRSSISTES BT 18 N RS =

Allanach, Gripaios, You, 1710.06363
Allanach, Corbett, Dolan, You, 1810.02166

100

200 300

1000

Dimuon Invariant Mass [GeV]



High p: collider searches

Example Case Z’ branching ratios:

Mode BR | Mode BR Mode BR

tt 042 bb  0.12 v/ 0.08
putpm 0.08 | 7HrT 0.30 | other fif; ~ O(107%)

Decays mainly to third generation fermions

Dominant decays to top pairs and tauon pairs; challenging signatures for
direct search

Joe Davighi, CERN-TH Institute, 31/10/2018



High p;: HI-LUMI searches

E.g. for rare top decays like

t - Zu, t - Zc

Joe Davighi, CERN-TH Institute, 31/10/2018
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Low py: more rare decays

BSM contribution (deficit, right-handed) to BR(B — K(*)T+T_)

... and many others, predictions depending on the example case

Joe Davighi, CERN-TH Institute, 31/10/2018
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5. Outlook
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Beyond Third Family Hypercharge

Pheno of TFHM:

- Explore experimental constraints beyond our Example Case

- Effect of flavon-Higgs mixing on Higgs couplings esp to tau, top, bottom
- Recast collider bounds for TFHM, and explore low-p; predictions

- Neutrino trident constraint? Probably weaker than LEP LFU (large M)

Further model-building:

- TFHM is really a bare-bones model. Would like to extend to explain:
1.
2. CKM mixing hierarchy, PMNS mixing “anarchy”
3. Mass hierarchies between all three families - need to break SU(2),



Beyond Third Family Hypercharge

Pheno of TFHM:

- Explore experimental constraints beyond our Example Case

- Effect of flavon-Higgs mixing on Higgs couplings esp to tau, top, bottom
- Recast collider bounds for TFHM, and explore low-p; predictions

- Neutrino trident constraint? Probably weaker than LEP LFU (large M)
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3. Mass hierarchies between all three families - need to break SU(2),



Ssummary

We have constructed a complete and (perhaps too) simple Z model for the

neutral current B anomaly measurements, which moreover explains the
heaviness of the third family fermions

The plan: incrementally build towards a model of flavour physics, led by B data

’f} ™ o~ S Q
g,} RN
&o -
~ o > /)
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Backup Slides
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ight quark masses from the Froggatt-Nielsen
mechanism

Y., \F=0 pF==1/ D, 0 (f}) QLyH g

<9$> (07) <9$>{HD{ —_1;2}>
| | | | eg (@) ~ 0.2
Q’“” l \ : Y, : M | "
Cé 6 Qr(+2;ﬁ r(+3ﬂ3) = Y./Y; ~ 1/100

Froggatt, Nielsen, NPB147 (1979) 277
Joe Davighi, CERN-TH Institute, 31/10/2018 63




Details of the model: Z-Z° mixing

Masses in limit M, /M,, < 1:

My 2+ g
My~—" — My Vo©tg . Mgy~ My
cos By, g
Mixing angle:
s SIN (v, =~ Jr My 2
Vg2 \ My )

Z boson contains small admixture of the X field:

Z,, = Cos . (— sin 6, B,, + cos 0, Hﬁ ) + sina. X,

Joe Davighi, CERN-TH Institute, 31/10/2018

g \/1 —+ 4F€2'}"2

)
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Caveat: charged leptons in the example case

Want large coupling of Z’ to muons, but do not want Z’ coupling to Tu — strong
constraint from 7 — 3u

This bound motivates extreme example cc 100
Ve, =1 001
010
which really implies
00 0 suppose suppressed by
YE=]00Y; — some UV mechanism/
0 symmetry...

so example case doesn’t explain heavy tauon (... but tauon not that heavy anyway...)

Joe Davighi, CERN-TH Institute, 31/10/2018 65



