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Flavour and theory

Theorists do a great job in computing SM predictions, proposing what can be
computed and measured. But the main job would be understanding flavour.

Flavour is the sector of fundamental physics with most measured digits

Constants | g123 Ay v yq CKM v cosmo mass ratios | total
Digits | 14 22 18 8 6.7 8 6 10 72

Weinberg tried in 1972: “the worst summer of my life”. Same today, despite

e Higgs confirmed, my, m+ are small Yukawas, not ¢¢HHTH//\2.
e Flavour and CP data agree with U(3)° structure of SM.

Coupling | U3)r, UB)p UB)g UB)y UQB)p
Yy 3 3 1 1 1
YU 1 1 3 3 1
Yd 1 1 3 1 3

e v violate flavour with 6, ~ 1: (LH)?/(1012 GeV).

Understanding flavour needs understanding: why 3 generations, what is H?


http://cerncourier.com/cws/article/cern/70138

Field theory attempts

QFT does not predict field content nor parameters. Symmetries do. Masses
and mixings shows some pattern, but no clear order. Break symmetries. Gain?

The g+ ¢ Yukawa matrices contain 54 + 36 parameters, but only 10 4+ 3 are
physical at SM energy, because interactions allow U(5)3 field redefinitions.

In models of flavour, extra parameters become physical.

1 Kaluza Klein on e.g. CP2®52®S1 gives SU(3)®@SU(2)®U(1), but Ngen = 0.

2 GUT-scale models: Planck suppressed non-renormalizable operators may
affect smaller y: many more free parameters.

— U(3), U(2) ... Ag, As, P: after breaking one remains with no predictions.

N\, Froggatt-Nielsen: small Yukawas as powers of small vev/M. Observations
resemble SU(5) with flavour symmetries acting on 10: yy ~ yg ~ y€2 0, ~ 1.
Maybe right, but like Democritus: “bla bla atoms bla bla".

l Predictions after adding texture zeroes, numerology €.9. fcapibbo = fgolden-



T he King theory of flavour

Vi = VekM + Voimax Voimax = Ro3(w/4)R12(m/4)
‘predicts’ correctly 3 angles
O>3 = 44.2°, 61> = 35.5°, 613 = 9.3°.

Was this already known? I found a Chinese group, who tried V,, = VihimaxVckMm-
Next another who tried Vi, = VekmVbimaxVekm- Finally another who did it.

Problem: whatever is measured one can find a ‘theory’ of type |.

Not many games can be played with 3 x 3 matrices. Field mostly abandoned.

XOX
XI00
0XO




String theory attempts

In some string models the number of generations depends on the number of
handles of the compactification space, when compactifying from 10d to 4d

Ngen = |x|/2.

Unfortunately x is a free parameter, and 10™~°90 vacua seem possible.

So, possibly 10490 string models reproduce all ~ 100 known digits of the SM.



Minimal Flavour Violation

Most theorists believed: Higgs must come with new physics that keeps its mass
naturally small. Then, the flavour structure of new physics had to be similar to
the SM: Minimal Flavour Violation hypothesis i.e. U(3)> broken as in the SM.

Crazy? Realised in gauge mediated SUSY.

LHC: Higgs alone. ‘Natural’ theories unnatural.

Big theory guiding principle lost, and MFV no longer needed.
Furthermore:. what is H? Just a scalar accidentally light?

U(3)® changes if gauge group changes: e.g. SU(5), SU(3)3, FundamComposH.



Maximal Flavour Violation

With theory in confusion, flavour become a hoped jolly:
sensitive to heavy new physics (1004 TeV) if its flavour differs from SM.
Anomalies in Ry and Rp — not in the most sensitive observables: ex, EDM...

Rp is tree-level SM, so challenging to explain with new physics, so most atten-
tion of theorists on Rp. I ignore Rp, waiting to see if it will go away.



R

ASs everybody knows
BR (B+ — K‘H["/f)

ik = 5R (B+ — Kteter) -

1 SM

can be fitted as new operators better written in the chiral basis

Letf = ) > bty Oty Op oy = (5yuPxb) (byuPy )
(t={e,u,7} X,Y={L,R}

with Y ~ 8.6, Cpl! = —0.18 using the standard normalization
= wmﬁj‘;—;q ~ (36 %vp
Then
Rpe~1+ zRe Clzsg:%(“e){ Rpr ~ Ry — 3.4Re C%S,gﬂy‘%

brur, CYbL:UJL



n deficit or e enhancement?
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Consistent with B — K*u—uT1 distributions

2 T T T T

BSM
CbL HR

All C, global fit, 1,2,30




Theories for Ry : tree level mediators

Z' or some LeptoQuark (no MSSM) with gysg,/Mz, &~ 1/(30 TeV)? = yp,ysu/MZq

LQ | Spin | Quantum | Clean observables | Clean observables All
Number new physics in e | new physics in u | observables

S3 0 (3,3,1/3) v v v

R 0 (3,2,7/6)

Ry | 0 |(3,2,1/6)

S1 | 0 (3,1,4/3) v

Us 1 (3,3,2/3) v v v

%) 1 (3,2,5/6) v

U1 1 (3,1,2/3) v v v




T heories for Ry : loop level mediators

Extra scalars and fermions at the TeV scale can mediate



Fundamental Composite Higgs

Theorists avoid fundamental scalars. Then flavour becomes tasteless: com-
posite Higgs studied in effective theories that don’'t tell what H is made of.

Here: fundamental theory written adding fundamental techni-scalars. Theory:

(SM without H) +
+ (extra Gr¢c = SU(IN) or SO(N) or Sp(N) strong at Atc) +
+ (vector-like T Cfermions F) 4+ (T Cscalars &) + Yukawa couplings such that

(each SM fermion f=L,FE,Q,U, D)x(some TC scalar S)x(some TC fermion F)

Higgs potential SM fermion masses Flavour violations
F*~ H? ffFF~ ffH r



Global symmetries

Vector-like F with Am < A4c have accidental global symmetries. Condensates
form if BtcS3BTclgauge and respect Gr¢ and minimally break Gg — Hyg).
Despite the presence of T C-scalars, the mass of H ~ FJF remains calculable.

Gauge group Fermion bilinear condensate Intact scalar symmetries
SU(N)Tc |SU(Np)L ® SU(Ng)Rr — SU(NF) U(Ng)
SO(N)Tc SU(NF) = SO(NF) O(Ng)
Sp(N)Tc SU(NFp) — Sp(NFp) Sp(2Ng)

Quasi-degenerate T Cscalars similarly have accidental global symmetries, but
- (S) and (SS) not fixed by general arguments. Lattice?

- They can break G, giving H as elementary Goldstone boson.

- They can break Gg| giving more T Cm made of two T Cscalars.



Custodial symmetries
Composite H has |[HTD,H|? giving T ~ v?/f2 - $2x1073: unnatural frc>5 TeV.

Suppressed if Gy — Hg D SU(2)r ® SU(2)r — SU(2). Minimal realizations:

GTc SU(N)Tc SO(N)Tc Sp(N)Tc
F FL® Fe- ® Fn FL® Fr. ® Fn 200 110D 1 )
Gy — Hy | SU(4), ®SU(4)r — SU(4)  SU(5) — SO(5) SU(4) = Sp(4)
TCn 2(2,2) 1310 35 (1,1) ® (2,2) & (3,3) (2,2)® (1,1)
S S P Sg- D Sy S P Sy S b Sn
Gg — Hg | SU(4) — SU(2)L, ® SU(2)r SO(5) — SO(4) Sp(6) — Sp(4) ® Sp(2)
if (SS) o diag (0,0,1,1) diag (0,0,0,0,1) ¢ ® diag (0,0, 1)
TG 2% (2,2)® (1,1) (2,2) 2(2,2)

Fr means T C-fermions with the same SM quantum numbers as SM L, etc.

One (2,2) is ok. Two (2,2) ok if vevs aligned.

Custodial for Z — bb in SO(N)TC with Fr & Fre® F and |mL —mLc| < /\QCD'



Conditions for Fundamental Composite H

1) Gt¢ must be asymptotically free and
form condensates:

Bad:
sub—Planckian

( 3(4Np + Ng)
4 4 SU (N >TC L?fr;fagliz;ﬂe
3(4N N :
NZ | ( Zj s) 12 soMWMrec T ooNC
3(2N —I— N - Bad: no custodial
GNP ENS) 2 sp(yre s

Excluded: SM fermions massless

2) No sub-Planckian Landau poles:

b3 < 1.9, br < 5.3, b1 <10
3) Each L,D,U,Q, E must get mass trough
T C-Yukawas. And possibly custodial for T,

maybe for Zbb. Or for Mj,. y

These conditions might exclude all models



Do models exist?

Not adding a T Cfermion for each SM fermion. More minimal +/f needed.

The good structure is SU(2) p-like: same scalar coupled to U, D and to E, N

Ly ~ (QFS; + (U, D) FSg) + (LFS; + (E,N ) F°Sp)

SM-like miracle keeps fields minimal and implies custodial. For generic Y':

Some models found, one presented here



Fundamental Composite Higgs

Set Y = —1/2, the matter content is SU(5)gyT fragments

name spin generations | SU(3). SU(2);, U)y Gvc
Fn 1/2 Ngp 1 1 0 N
.7-"]‘{[ 1/2 Ngp 1 1 0 N
Fr, 1/2 Ngp 1 2 —1/2 N
FE o 1/2 Ngp 1 2 +1/2 N
Fge 1/2 Ngp 1 1 —1 N
Fé. 1/2 Ngp 1 1 +1 N
Sge O Ny 1 1 -1 N
Spe 0 Nyg 3 1 ~1/3 N

gy =Yy L.FLSE’C_I_yE E.F]CVSEC—F (yD D.F]CV—FyU U]-"f;c)SDc—I—yQ Q.FLSEC-F h.c.

V = )\E‘SEC|4 —+ )\ED‘SE0|2TI’ (SDCS}L)C) —+ )\DTI’ (SDCS;)C)Q —+ )\/DTI’ (SDCS;)CSDCSTDC)



Fundamental Composite Higgs

B-functions ok for SU(2)tc = Sp(2)1c and SU(3)tc

For N = 3 no extra ]-‘]—“8,83 couplings are allowed

5 accidental global U(1):
e Baryon number, like in the SM.
e Lepton number. Get m, adding N with NF%.Sge + y\yN FpeShe.
e [ C-baryon number. Lightest T Cbaryon can be ]—"3, DM candidate.
e 2 less relevant.

Light scalars: TCr=2x(1,1)g® (1,3)0® [(1,1)1 P2 X (1,2)_1/2 + h.c.]

T protected if H ~ FrFn has EW vev aligned with H' ~ FrFge.

Limit mg > Avc: FF Higgs coupled to SM fermions.
Limit mz > Avc: SS lepto-quarks coupled to Qv,L, Dy, E.



The top Yukawa coupling

Yp Y

SM Yukawas obtained as Ypp = . Minimal values: y¢ ~ yg.

gTC

Yt ~ Yoyu/9TCc needs yo ~ 1, yy ~ grc: is this possible? Yes, the RGE are:

0, o,
2,09TC 3 2\ YYf 3 2
(4m )am = bgTc; (4m )amu = fry¥ — fe9Tcyy
where
ff: > , fg=6CN=6 (N—l)/Q for GTC:SO(N)
N(N +1)/4N for Gyr¢c = Sp(N)

Quasi-fixed point: yp = gTwag +b)/fr ~ gTC.

Top partners not lighter than other states, M ~ A4¢c up to Yukawa repulsion.



T he TCscalar quartics

(4m)2B\ ~ +22 + g% — A\g9 - means that A\ ~ g%~ can run big and negative.
Explicit computation finds IR fixed points with A ~ —|—g—2|—C.
Away from them, numerical runnings show that A can remain small.

SURB)tc,Ne =12,b = -19/3
SUBS)rc, Ng=2,b=-2 (3)rc, Ns /
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Lattice needed to know what happens, works in progress



The Higgs potential

Computable using chiral Lagrangian techniques
211
JTc

FF = [fchrcl, U = exp ATc ~gTclTc ~4rfTC

3 contributions:

1. From TC-fermion masses (neglected in effective theories);
2. From SM gauge interactions;

3. From Yukawa interactions (at order y%y% no y&).

Result: one can tune a small My;:

3(393 + 92) 3y5> 5

_Mi% ~ Cm (ij:z) ATc+ <Cg 6472 — Cy 162 ) ' TC
2

2,2
QYT o9t (395 + 9¢) Y
4(4m)2 16(4m)2 N

AH



Flavour structure similar to SM

Fundamental Composite Higgs has a defined flavour structure similar to SM:

Coupling Flavor symmetry of SM fermions Flavor of T C-scalars
UB)r, URB)g URB)g UBy URB)p| UB)s,. UB)sye
Yr, 3 1 1 1 1 3 1
s 1 3 1 1 1 3 1
YO 1 1 3 1 1 1 3
e 1 1 1 3 1 1 3
YD 1 1 1 1 3 1 3
mg_ 1 1 1 1 1 3®3 1
mg. 1 1 1 1 1 1 3®3
A 1 1 1 1 1 (3® 3)? 1
AD.D/ 1 1 1 1 1 1 (3® 3)°
AeD 1 1 1 1 1 3®3 3®3

This means: (3 mixing matrices in y¢) + (2 in m%) + (more in quartics).



Flavour effects

Electric dipoles, u© — ey under bounds if: universal (or massless) T Cscalars and
minimal Yg ~ Ygr 4-fermion operators and T Cpenguins are ok, including ey

(Wi Wha i,

0(1) L Frnf (Tt for f.f' = {L,E,Q,U,D}.

2 A2
9T NTC
New physics in terms of few TC O(1) coefficients and of TC-Yukawas.

NDA estimates, Atc = 2 TeV
o . ., s s . . m|
i excluded by v,N —> p*u"X and 6gz,
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Yukawa coupling (yQyE)hs

Can fit Ryx assuming yr, ~ 1 above minimal. Associated effects: Aaq,, 5gZM



Conclusions

We understand why we do not understand flavour.
LHC told us that the Higgs is not what most theorists expected.

Abandoning prejudices can lead to new ideas, e.g. fundamental composite H.
Maybe new ideas for flavour? Or new physics needed to make progress.

Ry 7 Rp? Data please.



