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@ The Higgs profile after LHC13

© BSM, Higgs, Flavons and FN mechanism

© A minimal extension of the SM with a FN singlet

@ LFV flavon decays, production and search at LHC and VLHC

@ Conclusions.
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Multi-Higgs doublet models- our work

”The Two Higgs Doublet Model with textures: 2HDM-Tx”, J.L. Diaz-cruz, E. Diaz, M. Arrollo, J.
Orduz,

”Inert Dark Matter Model with an extra CP violation induced by a complex singlet”, arXive:
[hep-ph], D. Sokolowska, C. Bonilla, J. L. Diaz-Cruz, N. Darvishi, M. Krawczyk,

”Higgs couplings and new signals from Flavon-Higgs mixing effects within multi-scalar model”, J.
L. Diaz-Cruz, U. J. Saldana-Salazar,

”Higgs-Flavon mixing and LFV decays at future colliders”, M. Arroyo, A. Bolanos, J.L. Diaz-Cruz,
G. Hernandez-Tome, G. Tavares,

”Linking Higgs LFV and CPV”, E. Barradas, J.L.D.-C., O. Felix, U. Saldana, work in progress,

orenzo Diaz Cruz jaz Cruz

El muc : El muchacho que sofnaba
con el B igg con el Boson de Higgs
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The Higgs discovery at LHC

General purpose detectors ey
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New Physics from LHC? Not yet
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I do not think so....

the field is rich, glamorous.and .alive!
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Beyond the SM through the Higgs sector

Although the Higgs looks like the SM Higgs, and no signs of new
physics have been detected, Physics BSM is well motivated, e.g.

Knowing that Nature likes scalars, may be more will be detected at
LHC or future colliders — Higgs sector BSM,
e Phenomenological approach (Probing Higgs couplings)
e Higgs extended models (yes, we can)
(2HDM, singlets, triplets, LR, bla, bla ,bla)
@ Model independent approach
(Effective lagragians or Higgs portal)

@ Theory and fundamental

(SUSY, CHM, RS-XD, Emergent phenomena)
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Pheno approach - Higgs

Use the LHC (and future colliders) to probe the Higgs sector:
- couplings with light fermions, Higgs self coupling, FCNC, etc etc

2.3-12.91b" (13 TeV)
T 3

= 7 T T — T 5
4 b= CmS bbivlv (CMS-PAS-HIG-16-011, 23 fb™) 3
. 125 GeV. 23271708TeY) = yousiished -2 3
= T Assumes SM Higgs BR _

z 185 Cms T 10 bbrt (CMS-PAS-HIG-16-028, 12.9 fb) —
oS Preliminary 2 E
€ 16F %x bBbb (CMS-PAS-HIG-16-002, 2.3 fb™) ]
= ttH production limits ]
5 14 e = -
2 :bse;"e: R :T:_ bbiyy (CMS-PAS-HIG-16-032, 2.7 1) E
[T xpecte =y B
3 [ +10 Expected ] 7

O  10F [ =20 Expected g —Observed
§ . = ---Expected  H
3 E E
6F ~ E
O T e T s - A —
aF — R OE E
— S E E
N | S S T i S 3

. . . ey e

Combined H—>leptons H—>bb H—yy 400 600 800 1000 1200

HIG-15-008 HIG-16-004 HIG-15-005 m;”‘"‘o (GeV)

(BUA Flavor, flavon, factory - May 24, 2017 8 / 49



Models for BSM Physics

SM structure (Flavor parameters, gauge group, families) as well as the
problems of DM, BAU, etc, motivates extensions of the SM.
In particular, Models with an extended Higgs sector have been studied
extensibly:

e NHDM: SM+1s, 2HDM, 3HDM, 4HDM (p = 1)

e Triplets, LR models, .. (p # 1 or p ~ 1 with some tunning)

e IDM, stable septet, etc.. (— DM candidate)

e Hierarchy problem: MSSM, Composite Higgs, XD, ..
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The Higgs portal

The possibility to write:

Lox = Ao (DT0)(XTX) (1)
allows to connect the SM(Higgs) with some hidden X sector:
e X = Dark Matter (ex. Inert doublet),
e X = Flavon field (FN)

e X = Susy sfermion,
(— EW phase transition, gravitational waves from early universe)

e X = Inflaton,
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A theory of the Higgs sector?
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Higgs and flavor physics

e SM Higgs participates in the generation of ALL fermion masses —
Diagonal fermion-Higgs couplings: F;f;® — hf;fi,

@ " A more flavored Higgs sector” can arise when Several Higgs multiplets
participate in fermion mass generation,

@ But is the Higgs the father of the 3 families?

May be someone else is the true father ... The Flavon!
[m] = =
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The Yukawa lagrangian and the FN Mechanism I

A model of flavor (FN) includes:

e Fermion doublets F; (singlets f; ) and Higgs doublets (®),

e Abelian Flavor symmetry U(1)g, with charges «; that add to

n{J =ng, +nyf +ne, #0 — Yukawa couplings are forbidden,

e Flavon field S (complex singlet) have flavor charge,

e U(1)r symmetry allows non-renormalizable operators:
o S \nl g
Lepr = pz’j(M_F) i Fifj®q + h.c. (2)

@ Then, Yukawa matrices arise after the SSB (of flavor symmetry),
i.e. with vev < § >= u,

a; U o\nf
Y= pij(M_F) i (3)
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Yukawa Matrices

u

o Fix ratio \p = T A~ 0.22. But v and Mp are free.
F
Low-flavor scale models with Mp = O(1) TeV.
e For typical charges, up-type Yukawa matrix is:

Py )‘j ,011‘2)\;L /«’7f3)‘;1
Y= pn )‘4 /)12"2>‘2 Pz (4)
Pi3A™ Pz A P53
e Notice (Y")s3 does not have a power of A, i.e. FN does not explain
top Yukawa (— Yukawa-Gauge unification?)

@ Then Flavon coupling with the top quark is suppressed; could be
of order of hce coupling or even htc,

o Often (Yd)gg and (Y])g;; depend on )\,
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FN Mechanism- 11

Higgs and flavon fields decomposition

1 )
oL = &, —=(ve + 10+ ixa)]

V2
1
Sr = —(u+s; +ip;),

V2

@ When CP is Conserved :
— 1, mix with s; (‘and y, with p;)

e When CP is violated :
— 1, mix with s; and p; (and so does x,)
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Flavon-Higgs mixing and the scalar spectrum

The possible scalar spectrum depends on the Higgs potential; it could

look like:
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Minimal SM extension with a singlet FN field
The model includes One Higgs doublet and one Complex singlet (FN),

ol — [Gt%(vwﬂwez)] (6)
Sp = L(u+sl+z'101),

V2

e Flavon has LFV interactions, and through mixing it can be
tramsmitted to the Higgs boson,
To go from Weak (¢", 51, p1) — Mass-eigenstates ( ) :

$a = Og1h1 + Oy Hy (7)
With CPC ¢" mixes with s, but mass of s; > O(1) TeV, which
supresses LF'V higgs effects,
With CPV one can have ¢ — p; mixing — larger LFV Higgs

effects.
o Lightest state (h1) ~ SM-like higgs, with m;, ~ 125 GeV,
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Scalar Potential and mass eigenstates

The potential includes the terms: V' = Vg + Vg + Vyg,

1 1 2
Vo = —5miefei+ 3N (¢{¢1> ,
m2 % 2 * *
Vs = —2SpSr—L(S¥ + SF) + Au(SpSr)’

+Xs1SESF(SE + SE) + As2(SE + Si)
+whsa (S 4 S3) + wAp(S5SF) (St + SF),

Vss = An(®{@1)(SpSr) + Ma(®]®1) (S + SF)
FwAeo (P01 (SE + Sr),

The parameters m%,sl,s?? As,s1,52,11,12 and Agq sp sc are all real.
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Minimization and mass matrices

The minimization conditions read:

m% = 1)2)\1 + u%()\u + 2)\12) + ’u%()\n — 2)\12) + 2\/511,111):\50,

m?2 = v A\ +2uiNE, +2ud)N g,
2w ~ ~ - - -
FI2 (25— (3R~ 5) 40 (B0~ Aa)).

2 = v g+ ud (Va1 + 4he2) +ud (A1 — 4)s2)

(e (B 30) =28 (31 =) @

A

Ao = As + As1 — 2Xs2, and Ao = A5 — As1 — 2)s2,
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Minimization and mass matrices

The mass matrix in this basis (¢°, 51, p1) is given as,

M2(1,1) = v?)\, (10)
M2(1,2) = w (ul()\ll +2M0) + \/§w5\56> , (11)
Mg(l,g) = ’UUQ(/\H — 2/\12), (12)
M2(2,2) = 2uf (A +2(Aa + As2)) (13)
+@ (3u1(Asa + Aep) + u3(Bhsa — Agp) — UZXSC) (14)

M2(2,3) = up <2u1()\s ~ 6As2) — V2w(3Asa — Sb)) (15)
M2(3,3) = 2ud(\s — 2Xs1 + 2)2). (16)
(17
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Parameter scenarios

e We shall look for the following spectrum
123 GeV < my, <126 GeV, with my, < mp,,

Simplify the parameters of the potential with:

A2 A1, A2~ A1, Asb & Asa, (18)

@ One takes: 0 < A; < 0.5 and A\; = 0.125, as in the SM, which is a
good approximation.

For the phase ¢ we consider: 0 < ¢ < m,
_ v

e Fixing v = 246 GeV, we shall use the ratio ry = Tow with
0.5 <w <10 TeV.
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Heavy Higgs and PGB flavon
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Yukawa Lagrangian for CP Conserving scenario (¢ = 0)

Mixing only occurs between ¢? and s, i.e.

Cas Sap 0
O=1|—-5a Cay 0. (19)
0 0 1

e The Flavon field is written as: S = %(fw + 51+ ip1),

e Expand to linear order: (%)”W = /\;ij(l + %(31 +ip1)) —

Mo . _
Ly = pl NP1+ %(51 +ip1)](v + ¢°) Fif; (20)

e The Flavon interactions with fermions are described by the matrix:
28 = ol ey (21)
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CP Conserving Yukawa Lagrangian

Ly = %[UMUU + DMyD + LM;L)(coh + s HF)
v
V2u
(—Sah-i-caHF +iAp) + h.c (22)

+ [U;2"U; + D; Z°D; + L, Z' L]

Thus, the (diagonal and non-diagonal) interactions of the scalars
(h, Hp, Ap) with any fermion f are:

— C, _ ~
(Fufim) = 26 - saraZ],
(Fifih) = =sarsZf;
— S _ ~
(FufiHp) = “ONtf 4 caraZ],
(fifjHp) = Ca""szifj
(FifjAp) = irsZls (23)

Another interesting interaction: Hphf;f;,
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LFV low energy constraints
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The Universal Higgs fit - P. Giardino et al.,
arXiv:1303.3570 [hep-ph)]

Under the small deviations approximation:

cx = (1 +ex) (24)

From a fit to all observables (signal strengths), and assuming no new
particles contribute to the loop decays hgg and hy~y, they get:

hZZ (WWW): €z =-0.01£0.13 (e = —0.15+0.14),
hbb: ey = —0.19 + 0.3,

hrr: € =040.18

htt (from hgg): ¢ = —0.21 £0.23
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LFV Higgs decays - mini mini review
o Earky work:

Bjorken and Weinberg (PRL1977): LFV can be mediated by scalars,
> Pilaftsis (PLB92): study decays h — l;l; with massive neutrinos,

» Diaz-Cruz and Toscano (PRD2000) identified that large rates for h — T are consistent
with LFV tau decays, within effective Lagrangians, 2HDM-III and SUSY (Finding:

B.R.(h — Tp) ~ 1072 — 1073 for 2HDM and similar results for effective operators

@ Collider searches:

» Han and Marfatia (PRL86,2001), M. Sher (PLB487,2000), K. Asamargan et al
(PRD67,2003),

P> S.Benerjee et al (arXive:1603.0592) find that HL-LHC can put limits
BR(h — p7,et) < O(0.005) and BR(h — ep) < O(0.002).

» S. Kanemura, T. Ota, K. Tsumura, (PRD73,2006): ILC with c.m.e. = 1 TeV
BR(h — er, p1) < 0(0.002).

@ More 2HDM results:

» Diaz-Cruz et al., R. Martinez et al,...
» Harnik, Kopp, Zupan (JHEP03(2013)026)

@ LFV from SUSY loops:

» Diaz-Cruz (JHEP2003): B.R.(h — 7p) ~ 10~°% — 10~% with large A-terms,
» Brignole and Rossi, PLB ; MJ Herrero et al, A. Arhrib et al (RPV-SUSY)
e MOI‘e mOdelS: Effective lagrangians, massive neutrinos see-saw, Vector-like fermions, Little

Higgs, Flavons, RS-XD,
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LFV Higgs limits from LHC7,8
Both CMS and ATLAS have presented bounds on LFV Higgs decays,
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LFV Higgs limits from LHC13

CMS Praliminay 2.3 b7 (13 TeV)
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LFV Higgs (125) BR’s

€a=0.9,753=0.15, Z3=0.01

1070
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FIG. 1: Branching ratio of the flavor violating decay h — ji7 of the VEV u in the IDMS-FN.
B.R.(hsm — ptpu~) ~2x 1074, B.R.(hgm — (c€) +7) ~ 1076,
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Heavy Higgs Decays
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Flavon production at hadron colliders
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Flavon production at hadron colliders
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Flavon production at hadron colliders
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Flavon detection at hadron colliders - cuts

@ Focuson Hp, Ap — 11

© Event topology depends on tau decays:
T — evv (0-jet), qqu (1-jet), qqu (2-jet)

@ Cuts improve significance

(-jet 1-jet 2-jet
By = 560G eV | = 456G el | = 250G eV
Pi = 10G eV | = 10GeV | = 10GeV
Atﬁp\?‘_f,{_ > 2.7 = 1.0 -
ﬁr_:&?;,{,‘_p,{.‘.,_.:,: < 0.5 < 1.5 < 0.3
My < G5GeV | < 65Gel | < 25G eV
MY = 00GeV | = A0Gel | = 15GeV

Table I: Selection criteria for each category.
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Cuts for Hp, Ap — 11

‘ Cuts (GeV) ‘ Signal ‘ Background ‘ Signal Significance ‘
Initial (no cuts) 4813 | 865647480 1.6e-01
My (ep) > 300 4055.9 17568160 0.96756
Pr(e) > 50 3597.0 14653738 0.93955
Pr(u) > 100 | 3587.2 | 8771524 1.2110
Aqﬁ]—ge_?mi < 0.5 | 2084.4 5076039 0.9250
N(jets) <1 2084.4 86626 6.998
MET> 150 1605.2 3834.6 21.764

Table : Signal and Background comparison. We consider My, = 500 GeV
and u = 800 GeV.
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Significance of Hp — 7
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Significance of Ap — Tp

1400 4

1200 |- , ! , ; 4

1000 |- s

u[GeV]

200 300 400 500 6

00 700
M AF[GeV]

800 900 1000

(BU

© o
3

s
ficance

" Signal Sig

w

avor, flavon, facto

2500

2000

1500

u[GeV]

1000

500

1000

2000

3000 4000

Ma [GeV]

May 24,

5000

2017

> 3

=

Signal si&nifi?:ance

®

38 / 49



Conclusions.

o LFV Higgs decays H; — T could be THE signal of BSMP
(NHDM+FN),

@ Our models provides plenty of signals to be searched at LHC,
e CPV flavon can be used to trasmit LF'V to the light Higgs,

e 100 TeV pp collider can work as a flavon factory,
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FCNC in the 2HDM-III

Model includes two Higgs doublets: ®; and P2, with vevs (CPC):
< ¢>(1’ >= 1 and < gbg >= V9
e FCNC can be avoided with ad hoc assignment of Yukawa
couplings,
e Glashow-Weinberg " Theorem”:

When the mass of a fermion type (u,d,l) comes from more than
one Higgs doublet, FCNC are induced at tree-level,

e Used for: 2HDM-I, 2HDM-II, 2HDM-X,Y,Z , f-specific, IDM, ...
e FCNC can also be avoided with: Ylf = k'fY2f (Yukawa Alignment),

e But when general couplings are assumed, FCNC/LFV can arise at
tree level, with interesting signals, e.g. h — 7u, t — ch,

e Here we shall focus on H; — 7p,
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FCNC Higgs interactions and the 2HDM

Yukawa couplings for the light Higgs sometimes are written as:
o s
—Ly = fLi[Tl(sij + Yijl frih + ij[?Zéz‘j + Y] frih (25)

Low-energy FCNC and LFV processes are used to constrain the
Higgs-fermion couplings Y;;:

o K-K mixing, b —+ s+ v, B-B mixing, B - D 4+ 7v, ...

® l; — lilyly, l; = 1y, e — p conversion, da,, etc.
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LFV Higgs couplings bounds

Channel Coupling Bound
b ey N <36%10°°
11— 3e VP + Ve <31x107°

electron g — 2 Re(Y,, V. —0.019...0.026
electron EDM [m(Y,,Y,.) < 98 %1078
j1 —+ e conversion m < 1.2 % 107°
M-M wvscillations Yie + Y, < 0.079

T ey VIYre? + Yer? < 0.014
T = 3e NN <012

electron g — 2 Re(Y. Y:.) [-2.1...2.9] % 1073
electron EDM T(Y,, V.. ) < 11x10°8

T b py VIV E+ Y2 0.016
=3 VIVE+ Ve <025
muon g — 2 Re(Y,r¥r,) (2.7£0.75) x 10—
muon EDM Im(Y,r Yoy —0.8...1.0
hoey (VedVer P4 V¥ < B 107

(From Harni, Kopp and Zupan, JHEP03(2013)026)
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Higgs couplings in 2HDM-Tx

For d-type quarks (and leptons) the complete expressions are:

d'+\/§sma—ﬁ}

g cosf

(ﬂ)é _smaaﬁ
mw cos 3

g cos

+é—g (ﬂ) d |:—tanﬁr5¢¢r + ﬁﬁ

(z2)

%?ﬁ_m (md ) (8 )aw

d'H°

d'h°

(1"/2d)dd,] yd'A°

g mu\ [ sin o V2 sin(a — My "
+2 (mw)u Sj.nﬁﬁuu' gsjnﬁ M Yz)uu' ’LI.HO
L0 () g |esay V2 costa—B) (mw (V) | /1O
2\ mw sin 3 gsinf Ty
éﬁ My = _ \/§ m o 5 1 40.
+ 3 (mw)u |: cot Bdyur + gisinﬁ (mu (Y3 Juur | y7u'A
May 24, 2017 44 / a9
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The texturized 2HDM (2HDM-Tx)

Higgs couplings get some structure when the Yukawa matrices include
textures, i.e. 2HDM-III — 2HDM-Tx
For instance, one can use the (Hermitic) 4-texture Yukawas:

0 Df 0
yl=| D} C; By (26)
0 B} Ap

For Parallel, Semi-Parallel (vs Complementary) cases

\/ T
— Cheng-Sher ansazt: Y;-j = Xij?,

For instance, considering; sin( — ) = 0.9 and tan 8 ~ 1, one gest that
T — py implies: |x,-| < 10%, while da,, gives |x,-| < 10.

So, essentially all constraints are satisfied with |x,-| < O(1).
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Yukawa Lagrangian

The lagrangian for the fermion couplings of the light Higgs boson is,

n - n?t - nt -
Ly = [-UMU +--DMD + LML
v

—I—/@“UiZ“Uj + /idDiZdDj + /ﬁll_LiZle]hO (27)
For FC Higgs couplings:
n* = 0% /cos B1, n? = Ok /sinB;cos By, n' = OI /sin By sin Ba,
For FV Higgs couplings:
K" = ”OZl cos B1, K= ﬁOZl sin B cos B, K = %OL cos (31 sin fBs.

T u
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Gauge interactions

o The Higgs couplings of the lightest Higgs state (h® = hY) with
vector bosons are written as gryv = gpyyxv, with xy:

'U]_ T U2 T 'U3 T
Xv = 7011"‘;0214‘7031

= cos 81 OF} + sin B cos B O} + sin B sin B OF
(28)

e Sum rule for light Higgs couplings:

xv = cos? By 0" + sin? B cos® Ba n? + sin? B sin? By 1! (29)

(BUAP) Flavor, flavon, factory - May 24, 2017 47 / 49



Parameter scenarios in Higgs-Flavon model

e We will work in the 2-family limit for yukawa couplings, i.e.
Vep = 893 = 8% — 54 ~ 0.04

With sf; = r§(1 + r{'), where: r{ ~r,, r, = m./m; and:

rdl-f-rd 823
147, 147,

(30)

ry =

For up quarks the Z-matrix is given by:

U }/'2u2 Y21LL’)
7= ( Vi 25,Y3, (31

U L UVU U W UNYU U~ VU
Vb =iy, Yo =r3Yyy  and Y o~ Vb =/2my)v,

@ For vevs: cosf ~ 1 and sinf ~ €

For Higgs rotation: oy = —a and a3 =0
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