Flavour from the Electroweak Scale
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Looking under the Higgs lamp-post:
What type of Higgs have we seen?

| At the edge SM valid up to Mp ek
of Stability
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vssv NN SUSY extensions

B Composite Higgs

' GeV
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Also, back in fashion:

Twin Higgs and Mirror Worlds
v
This talk:

Use the Higgs to explain flavor from the electroweak scale




Theories of Flavor

Yukawa 1nteractions in terms of effective Yukawa couplings

L =y:QLHtr + y" QrHbg + ...

Such that mi — y¢Vv / \/5

mp = yiv/vV2 —s ygﬂ‘ = e"yq

* y, and all y_ are of order one * Lighter quarks =» more powers of €




A theory of Flavor: a few basic possibilities

1) Loop Induced

Georgi, Glashow *72
Dobrescu, Fox ‘08

Grossman, Neubert ‘99
Gherghetta, Pomarol ‘00

my = Yo for (1) for (1)

(%

V2




3) The Froggatt-Nielsen Mechanism
* Introduce a Flavor Symmetry Frogatt, Nielsen ‘79

Lyuk = Yt C_JLFHR + Vb (%) C-)LHbH TR
* Quarks & scalars are charged under a global U(1); flavor symmetry

with flavor charge “a”
nbas — aQL - aH - abH

« New scalar singlet S obtains a vev: <S> =1{

\Y A%
* Quarks Masses: m; — vy —— my, — _(
t =Yt NG b = Yb /2

Vv

* Lighter quarks have more S insertions: mMg; = Yiﬁ A

e=f/A

Scales undetermined and hence can be arbitrarily high




How to define the scales? Can the Higgs play the role of the Flavon?

S\ - HTH\™ -
Yb (K) OLHbR — Vb (T) Q[_an

Effective Yukawa coupling:

2 \ b
eff v .
A (ﬁ> i
Suppression factor:
e=v2/2A* =mp/my - A~ (5—6)v

Flavour Scale is fixed by electroweak scale




A Flavoured Higgs Sector  Bauer, MC, Gemmler <15

S\™
Vb (K) QrLHbgr — yb (

H,Hqg

A2 ) QLHabr  (Type Il for n, > 0)

S np HT HT b L
Vb (K) QrLHbr — yb ( A2 d) QrH,br (Typelforn,20)

2 2 2
ith effecti : eﬂ'—<Vqu)ni . V= Vet
With effective Yukawa coupling:  ¥j 2A2 Yi tan 8 = vy /va

tang )1/2
1+ tan? 3

, = vava/2A2% = ~ (D —
And suppression factor €= Vuva/ mp/my = A~ (8 = 6)v <

The value of A~4 v~ 1TeV (maximal fortanff = 1)
and can be slightly larger depending on the specific UV completion




A Simple UV completion Sector: Vector Fermions

The value of A~4v~1TeV (maximal fortanff = 1)
and can be slightly larger depending on the specific UV completion

LHC14: Matsedonskyi
Panico,Wulzer’14

LHCS8: ATLAS/CMS * .
5 10 5 2

Tan 8

—>




Two Higgs Doublet Flavor Model Type Il

1 u (Hqu>ai_a“j_“Hu

Hqu
Ly = Yij A2

A2

QiHuuRj + y;ﬂ (

ai—Qd; —QH, _

After rotation to mass eigenstates, we obtain the flavor structure from fixing the
flavor charges

(Voxm) 12 ~ €Y, (Vexkm)13 =~ (Vokm)2s ~ €’

Sa

_g —amH, f(%ﬂ)] +f(a,5 [Q?J (

mqg
v ]

dependent factors

Similar functions for 1) for the Heavy CP-even Higgs replacing co = sa & -sa = co
2) for the CP-odd Higgs by subsequently multiplying by i and replacing ca = sp & sa = cf
3) Charged Higgs boson couplings are independent of flavor charges; Same as in Type II




Many interesting, measurable effects can probe this idea

Modified quark-Higgs couplings Precision measurements/Global Higgs Fit

FCNCs at tree-level Numerous Flavour constraints

Direct collider probes of heavy scalars ATLAS and CMS searches

Propose Benchmark scenarios to probe the model




Lightest Higgs Boson Couplings

Couplings are re-scaled [N e AN STy

 Higgs couplings to W and Z - fixed by gauge symmetry

* Higgs coupling to the top quark PGS —5 @) sin(8 — a)
tan

* Higgs coupling to the bottom (& charm) quarks

kp = 3sin(8 — a) + cos(f — «) ( — 2tan 5)

tan 3

- VERY different behavior:
~ modified b-quark coupling strongly affects total width ~

* Values of order one or below for sizeable values of ¢,

* Two acceptable branches with positive and negative

values of the bottom Yukawa coupling Babu/Nandi-Giudice-Lebedev limit recovered
in the Decoupling/Alignment limit (¢, > 0)




Decay Mode

Lightest Higgs Global Fit to ATLAS and CMS data

Production Channels

Ogg—hs Oti—h

Production Channels
OVBF, OVH

Experiment

| b > ww*

pw = 1024333 [17]
pw =~ 0.75 % 0.35 [18]

pw = 1275532 [17]
pw ~ 0.7 £ 0.85 [18]

ATLAS
CMS

| h— Z2*

| h =y

pz = 17705 [19]

pz = 085033 [20]
iy = 1.32+0.38 [21]
py = 1137537 [22]

pz =03735 [19]
pz = L7557 [20]
By =0.8+0.7 [21]
py = 1162588 [22]

ATLAS
CMS
ATLAS
CMS

| h— b

up = 1.5+ 1.1 [23]
py = 0.6711:33 [25]

iy = 0.52 £ 0.32 + 0.24 [24]
s = 1.0 £ 0.5 [26]

ATLAS
CMS

|h—>7'7'

pr=2.0+08752+0.3[27)
B = 0'51—8:? (28]

pr = 1.2473:22 7050 4 0.08 [27]
pr = 11797 (28]

ATLAS
CMS

SM
u Oprod Ihox Fh,tot
X = " SM pSM
aprod Fh—)X Lh

The global fit accomodates tanf3 of O(1)
for sizable values of cos(j-a)
away from alignment/decoupling

We assumed 1, ~K,




Flavor Changing Higgs Couplings

Down type quarks couple to the neutral Higgs bosons: ® =h,H,A

é PR AN LA recall: functions f%(a, B)
(c B) lQ,, (), ( )”_’D,,]

v are flavor universal

These couplings are importantly constrained from neutral meson oscillations
=>» they appear in Higgs mediated tree-level processes

x Mg [ M@ f)? | F(a )’ iFA(oe,B)Q}
21\ m? M, )7

Process dependent factors c; /v? Universal functions




Constraints from Meson-Antimeson Mixing

Mesons are very sensitive to New Physics since they are governed by box-diagrams in the SM

Contributions from Higgs mediated FCNCs can be captured by

NB=2 = O (5L udr)? + C (SR dr)? + O3 (5r dL)? + C5* (51 dR)’
+ Cfd (Srdr) (5Ldr) + C‘gd (5L Yo dr) (Sgy"dr) + h.c..

With tree-level contributions to the Wilson coefficients given by

2
g Asd
2 b
M A
9Hsd 951qs  9Asd Ihds

Similar contributions/expressions hold for B. — B, mixing, with sd — bs,
B4 — B4 mixing, withsd —bd and D — D mixing with sd — uc




Constraints from Meson-Antimeson Mixing (cont’d)

The Froggatt-Nielsen mechanism induces an additional suppression mechanism of
flavour off diagonal couplings prop. to fermion masses and powers of the parameter €

Hl%gzz = Cfd (§L Y dL)2 + éfd (.§R Yy dR)2 + CQSd (§R dL)2 + ésd (§L dR)2
+ C,fd (§R dL) (§L dR) + ng (§L Vi dL) (.§R ’}"u'dR) + h.c..

2
my

N g{fh(oz,ﬂ)‘2

Flavor specific part of Wilson coefficients for
flavor charges tailored to explain
quark mass hierarchy and CKM mixing angles




K — K Mixing :

Largest coefficient is C;d

JMA = ]\’IH = JMH + = 500 GeV
f@p? | F@p? _(,
M2 B
mh H
—10715

e { (8" + Fla, B 108

H

Similar expression for CS but with
extra g2 suppression due to C5 d _, Czd

~

Czd is € suppressed with respect to C;d

but has constructive interference
(also RG running relevant) SETVSNORINN (Cs¢| < 10716/GeV? (orange)

o { F@ B Flap) contributions C34) <7 x 10717/GeV? (blue)

+
2 2
my, My

—-1.7x 10717
~ TGV {f )2 + F(e, B)?

Cpt =

v2




K — K Mixing :

c _m (KO|HATT?|KO) 4= My = My =500 GeV,
K Im (KO|HETT2KO)

Generate randomly a sample set of points of
ly;*9 =[0.5, 1.5] with arbitrary phases & require
SM quark masses and CKM param. to be within 2 ¢

Percentage of sample points that reproduce within 2 O
CEP =1.057058 @95% CL NUUESRAEIN I 4

Strongest upper
bound on tan 3

strongest lower
bound on tan 3

Cos(f—a)

strongest bound, O(10)% fine-tuning required




o LOOp Contributions: most relevant are

charged Higgs box diagrams for small tanf3
in the Bs-system

* Contributions to rare decays
depend on the lepton flavor sector

- Bounds from b =» sy

constrain the mass of the charged scalar

M+ > 358 (480) GeV  @99%(95%) CL

Combined Flavour Bounds 2>

M =700 GeV
M = 600 GeV
M = 500 GeV
M = 400 GeV

10% Contours




" The global Higgs fit (and Flavour bounds) demand large cos(p-a)

= Flavour bounds demand heavy extra scalars

Bounds from Perturbativity, Unitarity, and Electroweak Precision Measurements

Degenerate masses

My [GeV]

04

)4 06 b 00 02 R 06
Cos (f-a) Cos (B-a)

M= 700 GeV A lighter Charged Higgs

M= 600 GeV MA,H = MH"' Z 100 GeV

B M=500Gev Preferred by perturbativity up to a few TeV




Additional Higgs Boson Couplings and Total Width

3cg—a + SB—a ( f

1
= 2tg + —
8 tﬁ,




Most promising LHC Discovery channels for A and H

Inclusive H production with
subsequent decay H >WW/ZZ

CMS o051 (7 TeV) + up to 19.7 o™ (8 TeV)
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o(99 > H) x Br(H - VV)
(0(9g — H) xBr(H - VV))sy

o(pp — qqH) x Br(H - VV) ( 11)44 %

— [{v
(U(pp — qu) X BI‘(H — VV))SM FH

CMS-PAS-HIG-13-022 =>» no sensitivity yet

o(pp + H+ X) x Br(H = VV)/(o(pp + H + X) xBr(H = VV))su

M = (500,600) GeV

M=Mg=My= Mg+

Increasing relevance of VBF channels due

to strong gluon fusion suppression
in relevant regions of parameter space
~ Very small k" ~




Most promising LHC Discovery channels for A and H

A — Zh — llbb L=19.7 1" (8 TeV)

CMS
[ Preliminary; o CL Limits

Otaere o(gg — A)xBr(A — hZ) x Br(h — bb)

o x B(A — Zh — libb) [fb]

My = My =600 GeV, M+ = (400,600) GeV

s HIG-14

ATLAS  — Comb obs 95% CL limit ]
Vs=8Tey 7 Combexp9snCLimit —
203 fp! [ = wbana

+ 20 band
== llbb exp 95% CL limit =

— = vvbb exp 95% CLlimit

*EATLAS 1502.04478 = .
206300 406" 500 400”700 85506”1000
m, [GeV]

A — Zh — libb
e S RESCERR
1 [ CMs o
0 proliminary 95% CL Limits | g %01 Preliminary 95% CL Limits
0 — Observed — Observed
----- Expected ==+ Expected
[ Expected =10 | L [ Expected =10 |
[ ] Expected =20 [ ] Expected =20

Bezocoo:

A —Zh — Iibb L=19.7fb" (8 TeV)
B e A

L=19.7fb" (8 TeV)
R L RaEamat
Fcms ]

Exclusion bound from ATLAS data for
M = 600 GeV in the narrow width
approximation: and after considering finite
width effects (with and without splitting)

JL [a=30Gev ma= 500 GeV

J ] Seme— —t TR R L L - | E— P T R Gt SO e |
350 400 -

25 30 35 40
m, [GeV] T, [GeV]




2HDFM - type Il: Benchmark Scenarios

(shaded green)

* Interplay of flavor physics with
precision Higgs global fit {ATLAS/CMS)

 Great possibilities for direct collider
searches for additional Higgs bosons

Benchmark 1: M4 = My = 600 GeV, Mg+ = 450 GeV
la cos(f —a)=0.55, tanfB =3,
1b cos(8 — ) =0.42, tanf = 4.5,
1a k= 1.02, Ky —0.84, ky=r, ——061, kKe—1.22
1b k= 1.00, ky =091, ky=k, =—0.96, Ke= 102

Higgs Signal Strength:

la BV | By | B
1.38 | 1.21 | 0.74
A T;/Ta

Ogg—h

Heavy Scalar Decay Modes:

Oish 1.33 | 1.17 | 0.71 i 5
OyvBFsOVH 0.89 | 0.78 | 0.48 7h T 70.2% 62%

W-HT | 14.4% | 21.8%
1b By | My | b - bb 1.6% | 5.2%
0.96 | 0.91 | 1.09 tt 12.9% | 8.7%
[ 0.90 | 0.85 | 1.02 = | 02% | 0.7%
0.70 | 0.84 té 04% | 1.1%

Ogg—h

Ott—h
oypr,oyy | 0.74

I;/Ty

la 1b

52.9% | 43%

25.6% | 20.9%
9.2% | 16.9%
6.8% | 11.2%
3.9% | 3.5%

Ht |

Li/T g+

TS 1b

hW
th

TV

78.7% | 81.5%
21.2% | 18.2%
0.048% | 0.33%
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Flavor hierarchies can arise from the electroweak scale via a Froggatt-Nielsen
mechanism with two Higgs doublets jointly acting as a flavon

The Quark sector flavor structure can be reproduced in agreement with flavor
observables

This 2HDFM predicts that the additional Higgs bosons should be below 700 GeV.

The scale of the UV completion is fixed at a few TeV




