Lecture 2
Weakly Interacting Higgs Physics Beyond the SM




Why to expect New Physics?

To explain dark matter, baryogenesis, dynamical origin of fermion properties,
tiny neutrino masses. ..

None of the above demands NP at the electroweak scale

Scalar masses are not protected by gauge symmetries and
at quantum level have quadratic sensitivity to the UV physics
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Although the SM with the Higgs is a consistent theory, [
light scalars like the Higgs cannot survive in the “
presence of heavy states at GUT/String/Planck scales [

Fine tuning < > Naturalness problem




Looking under the Higgs lamp-post:
What type of Higgs have we seen?
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Also, back in fashion:
Twin Higgs and Mirror Worlds

125 GeV is suspiciously light for a composite Higgs

boson but it is suspiciously heavy for minimal SUSY




Supersymmetry:

a fermion-boson symmetry :

The Higgs remains elementary but its mass is protected by SUSY = dm? =0

Composite Higgs Models

The Higgs does not exist above a certain scale, at which the new strong dynamics takes place

=» dynamical origin of EWSB

2HDM’s or Higgs Triplet models may induce EWSB and be well motivated from
flavor or neutrino physics. Require a UV completion (a more fundamental theory)




SUSY has many good properties

Region of SUSY particles

Allows gauge coupling unification at ~107¢ GeV
Provides a good dark matter candidate:

The Lightest SUSY Particle (LSP)
Allows the possibility of electroweak baryogenesis

String friendly

Extended Higgs sector
at least a 2HDM (type 11




» Higgs mass parameter protected by the fermion-boson symmetry: jm?2 =

In practice, no SUSY particles seen yet = SUSY broken in nature:

If Mgy ~ M —> Natural SUSY

weak

If Mgygy << Mgyr —> big hierarchy problem solved

= Not all SUSY particles play a role
in the Higgs Naturalness issue

12700 GeV

[ - 400 cev

= So why didn’t we discover any SUSY natural SUSY i decoupled SUSY
particle already at LEP, Tevatron, or LHC8? Papucci, Rudermann, Weiler ‘11




SUSY Weltschmerz*?
ATLAS/CMS are aggressively pursuing the signatures of “naturalness”.

T, production Status: SUSY 2013
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*The feeling experienced by someone who understands that physical reality can never satisfy the demands of the mind




Is SUSY hiding?

Compressed spectra: e.g. stop mass ~ charm mass + LSP mass
M.C., Freitas, Wagner ‘08

Stealth SUSY: long decay chains soften the spectrum of observed
particles from SUSY decays

The LSP is not the dark matter, but decays

* address flavor as part of the SUSY breaking mechanism
connect lightness of 3rd generation sfermions to heaviness of 3rd generation fermions

« alleviate the tension of a Higgs mass that needs sizeable radiative
corrections from stop contributions, by raising its tree level value

additional SM singlets or triplets or models with enhanced weak gauge symmetries




The simplest extension of the SM is to add one Higgs doublet, with the same
quantum numbers as the SM one.

Now, we will have contributions to the gauge boson masses coming from the
vacuum expectation value of both fields
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Therefore, the gauge boson masses are obtained from the SM expressions by
simply replacing

’02—>’U% + v%

There is then a free parameter, that is the ratio of the two vacuum expectation

values, and this is usually denoted by

v
tan 8 = -2
U1

The number of would-be Goldstone modes are the same as in the SM, namely 3.
Therefore, there are still 5 physical degrees of freedom in the scalar sector which
are a charged Higgs, a CP-odd Higgs and two CP-even Higgs bosons.




Since both Higgs fields carry the same quantum numbers, one can always define the
combinations

H2U2 -+ Hl’Ul
V2 + v3
H2’01 — H1'02

2 2
\/’U1 -+ (%5

= Hysin8 + Hqicos3 = H,

= HycosB — Hisin8 = Hyg

The first combination acquires vacuum expectation value v. The second does not
acquire a vacuum expectation value.

Then, it is clear that the Goldstone modes will be the charged and the imaginary
part of the neutral components of H

The charged and imaginary part of the neutral components of H s will be the
physical charged and CP-odd Higgs bosons respectively.

G* = HY sin 8 + H{ cosf3 V2 G = ImHy sin f +ImH cos §

Hiz—chosﬂJrHlisinﬂ ﬁA:—ImHScosﬁqLImH?Sinﬁ

What about the CP-even states ? There is no symmetry argument and in principle
both states could mix.




There is no symmetry argument and in general these two Higgs boson states w
mix. The mass eigenvalues, in increasing order of mass, will be

V2 h = —sina ReH} + cos o ReH,

V2 H = cosa ReHY + sina ReHY

From here one can easily obtain the coupling to the gauge bosons. This is simpl
given by replacing in the mass contributions

v; — v; + ReH?
This leads to a coupling proportional to
v; ReH)

Hence, the effective coupling of h is given by

hVV = (hVV)M(—cos Bsina + sin Bcosa) = (RVV )M sin(B — o)
HVV = (hVV)*(cos S cosa + sin Bsina) = (AVV) M cos(8 — @)

These proportionality factors are nothing but the projection of the Higgs mass
eigenstates into the one acquiring a vacuum expectation value.
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For instance, the down-quark mass matrix is given by

My = h?@ﬁ T h?gﬁ

The interaction of the two CP-even scalars with fermions is given, instead, by

Ghd;d; X hff;l(— sin o) + hzj;Q(cos a)

9Hd;d; X hff;l(cos o) + hf{; o(sin c)

So, contrary to the SM, the rotation that diagonalizes the mass matrix does not diagonalize
the couplings. This in general leads to large Higgs mediated Flavor changing processes, that
are in conflict with experiment.

One solution is to make the non-standard Higgs bosons very heavy, going close to the SM.
Another natural solution is to restrict the couplings of each fermion sector to only one of
the two Higgs doublets. This is what happens to a good approximation in supersymmetry.




Add Symmetry transformations that determine the
allowed Higgs boson couplings to up, down and
charged lepton-type SU(2), singlet fermions
in four discrete types of 2HDM models

Model 2HDM I 2HDM II  2HDM III 2HDM IV
D)

In Type Il models, the Higgs H| would couple to down-quarks and charge leptons,
while the Higgs H2 couples to up quarks and neutrinos. Therefore,

diag

diag .
dd,ll __ Mdd,ll (—sina) dd,ll Mdd,ll Cos

Inir = » YHfF =

v cos 3 v cospf
Mdigg (cos o) w Mdiag gin o
9Hff =

uu
Inff = v sinf3 ’ v sinf

If the mixing is such that cos(f — o) =0 ——— Decoupling limit obtained for large
sina = —cos3, masses of non-standard Higgs bosons

cosa = sin f3

then the coupling of the lightest Higgs to fermions and gauge bosons is SM-like. This
limit is called decoupling limit. Is it possible to obtain similar relations for lower values
of the CP-odd Higgs mass ? We shall call this situation ALIGNMENT




The most generic two Higgs doublet potential is given by
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For large mA and perturbative quartics we can ignore the second term in the right hand side and
one obtains that my; ~ m,, while m,, is of order an effective quartic coupling times v*




The eigenstate equation may be rewritten in the following way

s5  —spcs v* [ Lu L

2
—SpCpB C% My L12 L22

For large values of the CP-odd Higgs mass we obtain

2 _ J—
S5 88Cg Sa ~0 COS(B - a) —
—sgcs  Ch Co

Now, the idea would be to obtain this condition for lower CP-odd Higgs masses,
independently of ma

2 Lyy Ly —Sa _ 2
Ly Loy Co
m;?l = 2Ly + t5v2L12 = 2 (/\10% + 3)X6spcs + 5\35/29 + /\71558%) :

1 ~
mi = ’U2L22 + —’02L12 = 112 (AgS% + 3A7Sﬁ0ﬂ + A3C/29 + AGtEIC%)
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(m,% — )\1’1)2) + (m}% — 5\31)2)t% = ’02(3)\6t,3 + )\715%) s

(m2 — Agv?) + (m? — 5\37}2)1552 = v’ (BMt5" + )\Gtg‘o’)

If fqu'IIed not only alignment is obtained, but also the rlght Higgs
v?, W|th ASM ~ (.26 and /\3 -+ /\4 + A5 = A3

" Case of L, =0 (SUSY at tree level)

The additional condition is
and should be positive. Asm — A3
In the MSSM, this ratio tends to be negative,
but tends to be positive in the NMSSM.

" Case of A 4 ; 70
Alignment may occur at sizable tan beta
e.g in the MSSM

Down-quark coupling behavior for the lightest
Higgs boson in the proximity of alignment




2 Higgs doublets necessary to give mass to both up and down quarks and leptons in
gauge/SUSY invariant way
2 Higgsino doublets necessary for anomaly cancellation

Names spin 0 spin 1/2 SU3)c, SU22)L, U(1)y
Higgs, higgsinos | H,, | (HI HY) | (Hf HY) (1,2, +3)
Hq | (H§ Hy) | (Hg Hy) (1,2, -})

e Both Higgs fields acquire v.e.v. New parameter, tan § = vy /v;.

(97 +g3)

Vsusy (Hu, Ha) = 2 (H} Hy + HyHy) + 2

(H{H,)? + (H Hg)?)

2 2 2
(91 — 93) y g2)H;§HuH:§Hd _ %2|H§{ iTo H |2

HlEHd
HQEHU

The supersymmetric parameter U defines the higgsino masses
and plays a relevant role in Higgs physics




SM-like Higgs boson mass in the Minimal SUSY SM extension

depends on: CP-odd mass m,, tanf3, M, and Stop masses & mixing

For large m,

mzZ = M2 cos?23 + Am/?
\/_/
< (91 GeV)?

m,, depends logarithmically on the averaged
stop mass scale Mg,gy ~mqg ~ My

and has a quadratic and quartic dep.
on the stop mixing parameter X, =A, — p/tanf

Also dependence on sbottoms/staus for large tan3




Stop Spectra and the Higgs Mass in the MSSM

- Large mixing in the stop sector
D . A >1TeV

Suspect

B In the case of similar stop soft masses
both stops should be > 500 GeV

Large mixing also constrains SUSY
breaking model building




Stop Spectra and the Higgs Mass in the MSSM

A & m; for 124 GeV <mjy <126 GeV & Tan =10

Large mixing in the stop sector
A >1TeV

In the case of similar stop soft masses
both stops should be > 500 GeV

A (GeV)

500 2000
My (GeV)

Direct Stop searches at LHC
are probing these mass regime




A 125 GeV Higgs and light stops

A 125 GeV Higgs and very heavy stops

An upper bound on the SUSY scale [stop masses < 10 TeV]
if tanf3 moderate or large (> 5-10)]

N 'Drapér, Lee, Wagnér’13 ‘

- lor ATLAS, M5




Extensions of the MSSM

* MSSM with explicit CP violation (radiatively induced): no effect on m,,
Pilaftsis, Wagner ‘99

» Add new degrees of freedom that contribute at tree level to mh

e.g additional SM singlets or triplets

Possible additional CP violation at tree level = relevant for EW baryogenesis

models with enhanced weak gauge symmetries
New gauge bosons (~ a few TeV) at LHC reach?

« A more model-independent approach: (SUSY breaking as a perturbation)
SUSY 2HDM effective field theory with higher dimensional operators

Dine, Seiberg, Thomas; Antoniadis, Dudas, Ghilencea, Tziveloglou; M.C, Kong, Ponton, Zurita

Effects most relevant for small tanp; for M,> 400 GeV pheno very close to MSSM
Otherwise, new decay channels: H to AA/AZ, and H* to W*A may be open (alignment?)




Singlet extensions of the MSSM
A solution to the p problem: Superpotential 5 A, S HHy =2 Heg = A <S>

my = Mjcos® 2 + Av?sin®28 + rad. corrections

Model MSSM NMSSM nMSSM UMSSM

Symmetry - Z: U(1)

Superpotential  pds - O sSSPy . Oy - 55Dy - rS  AgSde - dy
y ' 3
1

Hall, Pinner, Ruderman’11

o At low tan beta, trade requirement on large stop mixing
150 by sizeable trilinear Higgs-Higgs singlet coupling Aq
- more freedom on gluon fusion production -

Higgs Mass (Ge¥§)




SUSY with extended Gauge Sectors

TeV scale new gauge interactions, and MSSM Higgs bosons charged under them :
D term lifting of m, tree
requires extended gauge and Higgs sectors are integrated out in a non-SUSY way

Simplest example:

bi-doublet 2 under the two SU(2) gauge groups acquires <2> =u

Heavy gauge boson: M, = (g4% + g,%) u?/2 SU(2), : 9% = 94°9,°/(9+% + 9,°)

Flavor option: 3 gen. fermions and Higgs doublets charged under SU(2),,
while the 2nd and 1st gen. are charged under SU(2)..

ZA 12 . A2 A2 S
mﬁ‘tree — = + 5 V2 C082 25 WA (1 + ﬁ) (1 + ( mz)u2>

4 g2 + g3

2

For my=> 0 one recovers the MSSM; for my >>M,,, the D term is that of SU(2),
For my ~ M, and g,~g,~O(1) = m, ~ 125 GeV without heavy stops or large stop mixing




What do the Higgs Production and Decay rates tell us?
I\(h, — XSM)

Bo(pp = h = Xsm)= o(pp — h) o
tota

also H — bb, 777~

Different patterns of deviations
from SM couplings if:

 Modification of tree level couplings
due to mixing effects

* Decays to new or invisible particles




Loop induced Couplings of the Higgs to Gauge Boson Pairs

Low energy effective theorems

_ahlgy 0 f Mps 9 2 V| B, P
Lhyy = T [Z b; Flogo log (det MFJ.MF,,) - Z bzc’?logv log (det MB,:‘) J 79 dy

Ellis, Gaillard, Nanopoulos’76, Shifman,Vainshtein,Voloshin, Zakharov’79, Kniehl and Spira 95
M. C, Low, Wagner ‘12

Similarly for the Higgs-gluon gluon coupling

New chiral fermions will enhance Hgg and suppress hyy
* To reverse this behavior matter particles need to have negative values for

0
dlogv

log (det M}LM F,g)




Possible departures in the production and decay rates at the LHC
Through SUSY particle effects in loop induced processes

9 UUCETITY squarks squarks and slepton?/lw\,ww\
| ~

But mixing can alter the sign

» Light stops and gluon fusion production

MSSM=> increase the gluon fusion rate but, for large stop mixing X, required
by m,~125 GeV, mostly leads to moderate suppression

Singlet extensions at low tan3 =» no need for large X, hence more freedom in gluon fusion

* MSSM Light staus with large mixing (sizeable py and tanf3) can enhance Higgs to di-
photons without changing any other rates.

« Singlet extensions with light charginos, depending on sign of M,u, can enhance Higgs
to di-photon rate for small tan

*Gauge extensions with light charginos, enhance Higgs to di-photons for strong coupling




Possible departures in the production and decay rates at the LHC contd

*Through enhancement/suppression of the Hbb and H1t coupling strength
via mixing in the scalar sector
This affects in similar manner BR’s into all other particles

== A;=1500 GeV
=  A;=0GeV
A==1500 GeV
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o (gg = h)Br (h = VV)g,

pMSSM/MSSM fits:  Arbey, Battagllia, Djouadi,Mahmoudi ' |2
Benbrik, Gomez Bock, Heinemeyer, Stal,VVeiglein, Zeune’l2

*Through vertex corrections to Yukawa couplings: different for bottoms and taus
This destroys the SM relation BR(h->bb)/BR(h—>1T) ~ m 2/m.?

*Through decays to new particles (including invisible decays)
This affects in similar manner BR’s to all SM particles




Additional Higgs boson Searches at the LHC

Djouadi, Quevillon’13 my®, i =200 GeV, tan § = 4

1.00 mp™, 1 =200 GeV, tan 8 = 4

LHC sensitivity
7+ 8 TeV/ 25 tb~1

H/A — 77

H— VV s
A — hZ
H — hh
H/A — tt m—

160 200 600 800 1000

At low tanf, it is important to
search for

If low mu, then chargino and
neutralino channels open up

(stop masses > 10 TeV if tanb < 4)
M.C, Low, Shah, Wagner’13 + Haber’14




Alignment and Complementarity for A/H Searches

) . _ Haber, Gunion ‘03
sina = - cosB =» h has SM like properties MC, Low, Shah, Wagner “13

(M} — Aiv?) + (M} — Aav?)t5 = v*(3ets + Mit))
(m2 — A\gv?) + (M — ;\3'02)75[}2 = v?*(3At5" + Xet3°)

A3+ Aa+ X5 = A3

Asm = A1 cos? B+ 4)g cos® Bsin B + 2)3 sin? Bcos? B+ 4A7 sin® Bcos B + +Ag sin? B

Is it more important to measure Higgs couplings

with the highest precision possible
Or
Find new ways of searching for additional Higgs states?




Alignment and Complementarity for A/H Searches

MC, Low, Shah, Wagner ‘13

£hdd / &hddsy

Strong lower bounds on m, from BR(h >WW/ZZ)
variations due to enhancement in hbb coupling
All vector boson BRs suppressed indep. of tanf
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The new era of precision Higgs Physics (cont’d)

Additional Higgs Bosons Searches: e ——
A/H © 11 (shaded) Lorotsra-veysi
Vs Precision Higgs Physics: |
h 2 WW/ZZ (dashed lines)

Correlations between deviations
may reveal underlying physics

5 N .
At low tanf: important to look for 200 250 300 350 400 450 500 550

H-> WW+ ZZ, hh, tt ; A= Zh, tt my (GeV)
m, [GeV]

Similar effects in Extensions of the MSSM
~ Add new degrees of freedom that contribute at tree level to m; ~




Indirect limits on the SUSY spectrum from rare processes

The Higgs-flavor connection in the MSSM
with Minimal Flavor Violation

Altmannshofer, MC, Shah, Yu 13

yi pA: tan g’
1672 m?2 Mz

200 400 600 800 1000 1200
M, (GeV)

SM central value with 30% effects of NP allowed

SUSY effects intimately connected to the structure of the squark mass matrices




Two Higgs Doublet models and a Theory of Flavor

* The Froggatt Nielsen mechanism: Effective Yukawa coupling

Lvu = ¥t QuAta + v (S * New scalar singlet S obtains a vev: <S> =f

* Quarks & scalars are charged under a
global U(1)g flavor symmetry

miy = y¢—— mp = Yb—=
\/5 \/5 * Lighter quarks, more S insertions

Ve = €'y e€=1f1 / A Issue: Scales undetermined

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

HTH
A2

S\™ -
K) QHbr — ¥ (

Ny _
) by

e=v2/2A? =mp/my - A~ (5—6)v




Two Higgs Doublet models and a Theory of Flavor (cont'd)

* Type Il 2HDM with different flavor charges for H, and H

S\™ -
Yb (K) QLHbr — ¥ (

With effective Yukawa coupling suppression factor

tang ) 1/2
1+ tan? 3

€ =vavyq/2A? =mp/my - A~ (5—6)v (

The value of A~4 v~ 1TeV (maximizes for tan 3 = 1)
and can be slightly larger depending on the specific UV completion




Flavor from the Electroweak Scale

* Flavor Structure by fixing flavor charges

(V(:1<..\-1)13 ~ (VCKM)23 ~e'

* Higgs couplings to gauge bosons
and top quark as in 2HDM

* Light quark coupling to Higgs special!

~ 1n particular Higgs-bottom coupling ~

(shaded green)

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

 Great possibilities for direct collider
searches for additional Higgs bosons

* New particles in the few TeV range




SM Higgs

= Resolves the problem of consistency within the SM
= [s a scalar, sensitive to new physics at high scales
* All current data is well compatible with SM expectations but there is room

for small deviations

* Still many open questions that demand new physics

Extended Higgs and Natural SUSY models

= Being cornered by LHC data but still many places to hide

(searches moving in those directions)
* Direct searches for additional Higgs bosons as important as precise
measurements of Higgs properties

* Correlations among deviations in different Higgs signals may reveal underlying
physics




In there a Higgs portal to dark matter

g
&

%
2 can
MoseRTER jmosshe"

and/or other dark sectors? "
Is Baryogenesis generated at the EWSB scale?

How does the Higgs talk to neutrinos ?

What are the implications of the Higgs sector for flavor?

Is the Higgs a portal to new particles and new energy scales?

Is the Higgs related to inflation or dark energy?




