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Lots going on in particle physics in the last quarter of a century
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Wi
* Neutrino Oscillations led to convincing evidence of neutrino masses
CMB studies led to conclusive evidence of Dark Matter

* Supernova & CMB studies led to evidence of Dark Energy

Vi

Precision Measurements yield relevant implications for model building

1.e. ruled out SM electroweak baryogenesis



The Naturalness Argument
The Higgs boson should be accompanied by BSM physics at a

similar scale, ~TeV
mHy << Mp? A. Pomarol, WIN2015

Towards naturalness

. No new TeV-physics
“fermionizing” "-_ \
the Higgs "_‘

" relaxation
mechanism?

’Spersymme'

“marrying” a fermion: 5 arXiv:1504.0755|

Higss «—> Higgsino

. Compositeness )}:

The “transvestite” Higgs: :

new TeV-physics H =




TLAS SUSY Searches*
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NEW

Limit

The situation at the LHC (ICHEP 2016)

95% CL Lower Limits

Vector-like quark pair Vector-like quark single production
production
ATLAS Preiminary
V5=8,13TeV
Reference T

a-aw
[Ldtw(32-203) 1 q

Tz

15213 TeV/
10L13.2 f" [CONF-2016-077]
1L 13.2 1" [CONF-2016-050]
12L.13.3 10" [CONF-2016-076]
MJ 3210 [1604.07773)
Run 1[1506.08616]

Expected limits Al limits at 95% CL
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Observed limit 95%CL (TeV)

Resonances to heavy quarks

\/ frzo-s
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Resonances to dibosons
radion — HH

W - WH
KK~ 1t
zoz
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W = VW HVT(®)
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Still, the canonical BSM paradigm well motivated,;

could imply that discoveries at LHC + dark matter detection are coming soon
Should intensify/broaden experimental probes as much as possible



Look under the Higgs lamp-post:

Instability i
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SM valid up to
IVIPIanck

SUSY
50 100 150 200 .
Higgs mass M), in GeV exte n S I O n S

Stability

Top mass M, in GeV

Kyaneqinrod—ud

w — Composite
Higgs

4000

M3=1000 GeV; A5=0.65

MSSM Singlet extensions
or extended gauge sectors

. \
2000 !

1000

300

S R see Wagner's talk

NMSSM + mh ~ 125 GeV: naturally compatible
with stops at the electroweak scale, thereby
reducing the degree of fine tuning to get EWSB




Look under the Higgs lamp-post:

| At the edge SM valid up to
No Higgs above a of Stability Mpjanck

certain scale, at which
the new strong . extensions

dynamics turns on .
. . @ Composite
=» dynamical origin of Higgs

EWSB 00 105 150

MSS) SUSY

=» scalar resonance much lighter that other ones

Additional option: 2HDMs to explain flavor @EW scale
Higgs boson as Frogatt-Nielsen Flavon

Higgs production & decay signal strengths in good agreement with SM

Still direct measurement of bottom & top couplings subject to large uncertainties
HL- LHC : precision on most relevant couplings will be better than/about 10%



Data on SM-like Higgs signal strengths =» Alignment
The MSSM: a type Il 2HDM  See Wagner's talk

If the mixing in the CP-even sector is such that cos (B-a) =0
The coupling of the lightest Higgs to fermions and gauge bosons is SM-like.

H and A couplings to down (up)-quarks are enhanced (suppressed) by tanf3

This situation is called ALIGNMENT and occurs for

* large values of m,=» Decoupling

» specific conditions independent of M , =» Alignment without Decoupling

Departures from alignment quantized by an exp. in cos (-a), m ~

BUT Higgs —bottom coupling is controlled by n =cos ¢, t; @

Impact of Precision Higgs measurements on A/H searches strongly
correlated to the proximity to Alignment without decoupling



Heavy Higgs Bosons: A variety of decay Branching Ratios
Craig, Galloway, Thomas’13; Su et al. ’14, ‘15; M.C, Haber, Low, Shah, Wagner.’14

Depending on the values of y and tan different search strategies must be applied

mp™, =200 GeV, tan S =4

"Uznh, u=4/3mp,tan =4

my (GeV)

Sizeable tanf} =» very close to alignment, dominant bottom and tau decays;

while gy = uww = 8uzz =8anz =0
Production mainly via large bottom couplings: bbH

Smaller tanf} = some departure from alignment, H-> hh, WW, ZZ and tt (also (A =» hZ, tt)

become relevant. Production mainly via top loops in gluon fusion

If low p, then chargino and neutralino channels open up ( impact on H/A = tt)



The challenging A/H = tt channel: Interference effects

LHC is a top factory =» good statisticts but
challenges lie in the interference effect.

D. Dicus, A. Stange, S. Willenbrock, 1991

my (GeV) gg ot
400 my = 170GeV

/7, CP-even

Dominant decay into top pairs

Craig, Draper, Erasmo, Thomas, Zhang ’15, Jung, Sung, Yoon .’15; Gori, Kim,Shah, Zurek’15
Hajer, Li, Liu Shiu’15; Djouadi, Ellis and Quevillon’ 16; Craig, Hajer, Li, Liu, Wang16; Fuchs,
Thewes, Weiglein,’14; M.C., Liu’16



The challenging A/H = tt channel: Interference effects

Triangle loop function

\/g (GeV) for top-loop
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SM Higgs:

real and slowly varying .Once. abovg I .threshold,
imaginary piece increases
and real piece decreases.

Background real

Real Interference from the real part of the propagator and real part of loop function
(shifts the mass peak)

Im. Interference from the imaginary part of propagator with imaginary part of loop
function (rare case, changes signal rate)



Special Line-shapes examples with one (pseudo) scalar

BSM lineshapes for various CP phase eigenstates

Differential cross sections of various for heavy scalar masses at 550 GeV and 850 GeV
heavy CP-even scalar signals

13 TeVLHC

13 TeV LHC B.W +Interference

B.W .+Interference
CP Even
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13 TeV LHC
', B.W.+interference

Searches not designed/optimized for
bump-dip/ dip structure.
Smearing effects flatten the dips and bumps,
making it harder.

dosig/dmy (b/GeV)




Special Line-shapes examples with additional BSM particles

Top+VF
Top only
VF only

Vector-like quarks in loop function:
Real, hence no destructive interference

2
8
E
T
&
E

Stops in the loop function:
Zero L-R stop mixing=» small interference (dip-bump structure), top quark dip structure prevails

Large L-R mixing =» dominant contribution, dip-bump structure prevails

— top+stop
stop only
top only

13 TeVLHC

B.W.+Interference : 13 TeV LHC
SUSY no-mixing B.W.+Interference
top only SUSY mhjya,

dasig/dmy (fb/GeV)

stop only




The challenging A/H = tt channel: Systematic Uncertainties

Searches not designed/optimized for bump-dip/ dip structures
Smearing effects flatten the dips and bumps, making it harder

my = 400 GeV my = 400 GeV
my= 500 GeV My = 500 GeV

— my=600GeV . e ey After detector smearing
and reconstruction:

=14 TeV
3000 fb™'

Statistically promising

Systematically challenging
Craig et al ‘15

A(GeV)

1s=8 TeV, 20.3 fb”" % gm t\}\l+jets
l+jets @m Other SM
—9,, 2.0TeV, 15.3%
g,y 0-8TeV, 15.3%

JHEPO08 (2015) 148
__arXiv:1505.07018

Using Atlas
8 TeV Analysis

Events/0.08 TeV

800 1000 1200

e [TeV]



Prospects for searches in A/H-> tt : Benchmark Studies

Systematic Uncertainty

Perform
eriormance Scenario A | 15% 4% at 30 fb~", halved at 3ab~!

parameters Scenario B | 8% 4% at 30 fb~!, scaled with v/L

M.C., Liu'16

Scenario B

LHC 13 TeV@3 ab™
yt=1, mg=550 GeV

ddsig/dmie® (pb/bin)

550 600 650 700
mg® (GeV)

Blue line: the signal lineshape before smearing

Red bins: signal after smearing and binning
Blue and gray histograms: background statistical

and uncertainties after smrearing & binning

These studies are important for any new heavy scalar that couples to top pairs



Prospects for searches in A/H-> tt : Benchmark Studies

T Systematic Uncertainty

Scenario A | 15% 4% at 30 fb~!, halved at 3ab~"

parameters Scenario B | 8% 4% at 30 fb~!, scaled with v/L

Scenario B
LHC13Tev@3ab™’
¥=2, mg=550 GeV

CP Odd Scalar
baseline model
gg->Sott

-
=)

dosig/dmi™ (pb/bin)

0.0 [ Sesssaes

Scenaric A@ 3 ab™

550 600 650
mE® (GeV)

Blue line: the signal lineshape before smearing

' ' ' i Scenario B@ 3 ab™
Red bins: signal after smearing and binning cenaro B@ 3 a

Blue and gray histograms: background statistical -~
and uncertainties after smrearing & binning

These studies are important for any new heavy scalar that couples to top pairs



13 TeV LHC
Type Il 2HDM
Near Degenerate

Scenario B@ 3 ab™’

Scenario A@ 3 ab™

700 800 900
my (GeV)

M.C., Liu “16

Impact of interference effect in A/H =2 tt at the LHC

First interference studies at ATLAS

Is=8TeV, det =20.3fb" ATLAS Preliminary
99—>A—tt, m, = 500 GeV
sin(B-a)=1, Type Il 2HDM

—&— Observed

Exp. 95% CL upper limit
|:| Exp. *+ 16 uncertainty
|:| Exp. *+ 26 uncertainty

{s=8TeV, »[Ldt =20.31b" ATLAS Preliminary

9g9—>H-tt, m, = 500 GeV
sin(B-a)=1, Type Il 2HDM

—&— Observed

Exp. 95% CL upper limit

:I Exp. + 1o uncertainty
I:I Exp. £ 26 uncertainty

ATLAS-2016-073



Impact of interference effects in H, = 1t at LHC (CPV case)

Destructive Interference effects between two heavy scalars

preliminary

(CPV MSSM)
gg/bb 2H, 211

CF benchmark:

Mot with ¢4, = /4
© = 1000 GeV
interference included

= significant shift of
exclusion bounds
impact of bb and gg

@a=71/4,n0 Int -

Pa,=7T/4, With Int -

‘ bbgg
200 400 600 800 1000 Fuchs, Weiglein, et al, to appear
My [GeV]




Naturalness and the Alignment in the NMSSM

M.C, Haber, Low, Shah, Wagner.’15  Also Kang, Li, Liu, Shu’13; Agashe, Cui, Franceschini ’13

ngn . . / z
* Well known additional contributions to m,, | >\2% sin?28Y M2 cos? 28 + A;

e

* Less well known:
sizeable contributions to the mixing between MSSM CP-even eigenstates

I RTINS | ast term from MSSM; small for
tan 3 (miy — M cos 2§ W # %) moderate/small pA, and small tanf

Alignment leads to A in the restricted range 0.62 to 0.75, 5
in agreement with perturbativity up to the GUT scale —> kv v?sin?

ms — MZ cos2(3

A =125 GeV

Alignment in the
doublet Higgs sector
of the NMSSM allows

for light stops with

200 250 300 350 400 450 500
my (GeV)

moderate mixing

Higgs-Bottom coupling in the NMSSM



Aligning the Singlet

Previously was assumed implicitly that the singlets are either decoupled, or not
significantly mixed with the MSSM CP-even states

The mixing mass matrix element between the singlets and the SM-like Higgs is

Mz(1,3) ~ 2 vp (1 —

m? sin®28  ksin23 )

e N Needs to vanish in alignment

For tanf3 < 3 and A ~ 0.65, plus K in the perturbative regime, it follows that in order
to get small mixing in the Higgs sector, m, and p are correlated
ma 2

sin2(

Since both m, and p should be small, we see again that alignment and
naturalness come together in a beautiful way in the NMSSM

Moreover, this ensures also that all parameters are small and the CP-
even and CP-odd singlets and singlino become self consistently light

2/43
meg — —
N M)\



Singlet Spectra

Kﬂl(l.\", A — 0.65 Kmax, A, = 0.65
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Anticorealation between

Heavier CP-even Higgs can . .
singlet —like CP-even and CP-odd masses

decay to lighter ones

.tan =2 .tan B =2.5 .tan 3 =3

Scan of over parameter space with allowed misalignment from
precision Higgs measurements and searches (e.g. ® > WW)
NMSSMTools + HiggsBounds/Signals



MSSM-like A and H decays into top pairs

S S
T T
T 3

<
S =

my (GeV)

.tan =2 .tan B =2.5 .tan =3

Significant decays into top pairs,
BR’s depend on tanf3

May be somewhat suppressed by decays involving to non-SM particles
Decays into Neutralinos and Charginos above top threshold between 10 and 50%



MSSM-like A and H decay into lighter Higgs bosons and Z’s

BR (H - h hy)

H = hhg

my (GeV)

.tan =2 .tan B =2.5 .tan 3 =3

H =» hh and A =» hZ decays strongly suppressed due to alignment

Others: H 2hs hs; H>As Z; A->As hs; A>As h of order 10% or below

Singlet-like scalars: hg mainly decays to bb and WW ; ag mainly decays to bb



Ongoing searches at the LHC are probing exotic Higgs decays

Complementarity between gg >A-> Z hg 2l bb and gg=> hg > WW searches

g8 2> A= Zhg = llbb, 0 [0 0. Lim

o Curremily Excluded
05-1
0r1-05
1072 -0

e <j0?

g8 > hs » W'W™, ooy

CMS 1505.03831
¢« HVV/SM ~10%

‘CMS PAS HIG-15-001
;03 e 300 160 180 200 220 240 260
my (GeV) my, (GeV)

« Promising H-> h hg channels with hs = bb or WW (4b’s or bbWW)

« Channels with missing energy: A 2> h a;; H > Z a, with a, = neutralinos
possible for tanf3 ~ 4 to 6 (lighter singlet spectrum)



Ongoing searches at the LHC are probing exotic Higgs decays

» Exploring the “wedge” in the NMSSM

Zogxpected Luminosity for exclusion at 95% CL in H—hs—bbbb [fb™" ] 00Expected Luminosity for exclusion at 95% CL in A—Zs—ibb [fb~']

00 000 GNNN0 000 00 ® 0000 MENNNNG

G 0 00 0000000 400 00 0 0 CHINOED GEDE

© 0000000 000000 40000

Very crude extrapolation Extrapolation based on
ATLAS 4b’s arXiv:1606.04782 CMS PAS HIG-16-010



Composite Higgs Models
The Higgs as a pseudo Nambu-Goldstone Boson (pPNGB)

TeV

P
Inspired by pions in QCD Sl

GeV

100 MeV

QCD with 2 flavors: global symmetry R _

SU(2), x SUQ2)x/ SUQ).. Higgs 1s light because is the pNGB
- . v -- a kind of pion — of a new strong sector

nt n¥ are Goldstones associated

to spontaneous breaking Mass protected

9,d =0 & my—0 by the global symmetries
> mz=0

contribution from

T / the strong sector

mq#0:>m2':quo

e2

OS2, ~ 2 - ‘ -—~h =0 it’s a Goldstone
€ :’& 0 i = 167TAQCD

A tantalizing alternative to the strong dynamics realization of EWSB



Higgs as a PNGB
Light Higgs since its mass arises from one loop

Mass generated at one loop: SM fields

explicit breaking of global

symmetry due to SM couplings

Dynamical EWSB: large set of vacua, some of them break SU(2),;,xU(1)y

The Higgs potential depends on the chosen global symmetry
AND

on the fermion embedding in the representations of the symmetry group

Higgs mass challenging to compute due to strong dynamics behavior

ms; o mM3 /f?

Composite-sector characterized by a coupling g., > gg,, and scale f~TeV

>

cp

New Heavy Resonances being sought for at the LHC



Minimal Composite Higgs models phenomenology

Choosing the global symmetry [SO(5)] broken to a smaller symmetry group [SO(4)]
-- at an intermediate scale f larger the electroweak scale -- such that:

the Higgs can be a pNBG, the SM gauge group remains unbroken until the EW scale

and there 1s a custodial symmetry that protects the model from radiative corrections

SO(5) = SO(4) With Notation MCHM, .,

SO(5) xU(1) smallest group: D G, T
& cust. sym. & H=pNGB 5-5-10, 5-10-10, 10-5-10

14-14-10, 14-1-10

Other symmetry patterns
with additional Higgs Bosons

Model Symmetry Pattern Goldstone’s Suppression of all partial decay widths
SM SO(4)/SO(3) Wi, 21,

)
)

and all production modes
- SU(3

MCHM SO(5
NMCHM SO(6)/S0(5)
MC2HM  SO(6)/SO(4)xSO(2) xU(1

/SU(2)xU(1) Wi, 21, H
/80(4)><3E1 LEECEE Enhancement/Suppression of BR’s dep. on
X
(

)
1) Wi, Z1, f ¢ the effect of the total width suppression
) WL’ZL,haH’H y @




Simplest Minimal Composite Higgs: ATLAS 8 TeV data
MCHM4=>» fermions in spinor representation of SO(5)

MCHMS=>» fermions in fundamental representation of SO(5)

ky = /1 =& Kr = 1-¢ §=V2/f2

Model Lower limit on f
Obs. Exp.
MCHM4 | 710 GeV 510 GeV

MCHMS | 780 GeV 600 GeV

X Bestt 4 SM CERN-PH-EP-2015-191

— Obs. 68% CL — Exp. 68% CL
- - Obs. 95% CL - - Exp. 95% CL




More diverse Minimal Composite Higgs models confronting data

h to di-photons

ATLAS 95
(allowed)
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MgeH +ut X B/ Bsm

After EWSB: &= v,/f and precision data demands f> 500 GeV  M.C., DaRold, Ponton’l4

More data on Higgs observables will distinguish between different realization in the
fermionic sector, providing information on the nature of the UV dynamics

Extended global gauge symmetries imply a heavy Higgs sector that may be strongly
constrained by Higgs data: e.g. the inert 2HDM implies a light Higgs spectra + MET

Lots of model building underway to confront with LHC13 data



Pair production, single production, or exotic Higgs production of vector-like fermions
[masses in the TeV range and possibly with exotic charges: Q = 2/3,-1/3, 5/3,8/3,-4/3]

T'(5/3)(dilep,ss)
T'>tZ(semilep+lep)

T'>tH(semilep+lep)

T'—bW(semilep+lep) Vector-like T'

T'>tH(H-yy)

T'—tH(hadronic)

B'—bZ(multilep)
500 1500 2000 2500 _ 3000 Fpmtien)
fh [GCV] B'—>tW(multilep)
B'—>tW(ss-dilep)
Vector-like B'
B'—bZ(dilep)
. . L a rg e Va rl ety B'-bZ(semilep)
x MCHM5_5_1o * ¥ .
* MCHMgalll(}Elo - o o Of S I g n atu reS y B'-bH(semilep)
* MCHM ;14 % M PR

2000 A II::IIEPHHT/}:::-F & : ma ny With B'—tW(semilep)
* energetic leptons R

02 04 06 08 1 12 14
Excluded Mass (TeV)

500 1000 1500 2000 2500 3000
fn [GeV]

M.C., Da Rold, Ponton’14 LHC exclusion for M;< 800 GeV]

Composite Twin Higgs may elude color top partners at the TeV scale (Greco’s talk)



Two Higgs Doublet models and a Theory of Flavor

* The Froggatt Nielsen mechanism: Effective Yukawa coupling

Lvu = Yt QuAta + yb (S * New scalar singlet S obtains a vev: <S> =f

* Quarks & scalars are charged under a
v v £\ P global U(1)g flavor symmetry
me =y mb:y"ﬁ( )
* Lighter quarks, more S insertions
Vet = €'y €=f/A  Issue: Scales undetermined

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

S\™ - HTH\™ -
Yb (—) QLHbR—>yb( ) QLH bg

A N2

Flavor Scale fixed by EW scale
e=v2/2A? =mp/my -+ A~ (5—6)v

Two Main Problems
* The flavon is a flavor singlet
The Higgs coupling to Bottom quarks is too large

Shpp & 3 Mp/V




A Flavoured Higgs Sector

Bauer, MC, Gemmler ‘15

u d u d
nyp nNp
¥b ( %) QuHbgr — yb ( HJ‘;IZI") QuHqbr (Typellforn, 2 0)
S\™ _ HiH) S -

Vb (K) QuHbr = § | —5 d] QiH,bg Uypelforn,—>0)

. . geff (Vuvd>“i vi=vy+vg

With effective Yukawa coupling: Yi — A2 Yi P
tang 1/2

And suppression factor € = vyvq/2A? = my/my - A ~ (5 — 6)v

The value of A~4v~1TeV (max. fortanp=1)
can be slightly larger depending on UV completion

Matsedonskyi,

-Panico Wulzer’ 14 ___




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 (SM-like) Higgs bosons couplings

* Flavor Structure by fixing flavor charges

12 _ 13 _ 1723 _
e
*  Couplings re-scaled [ S T4

* Higgs couplings to gauge bosons (top quark) as in 2HDM (type II) :
o)

tan 3

* Higgs coupling to the bottom (& charm) quarks Type Il 2HDFM

1 2
kp = 3sin(8 — a) + cos(B8 — «) (— — 2tan ﬁ) Ke = 388-a + C-a (5 - tB)

tan 3
VERY DIFFERENT BEHAVIOUR

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

* Two acceptable branches with positive and negative
values of the bottom Yukawa coupling




A predictive model with new Physics at LHC reach
allowed regions beyond those in a 2HDM type | or Il

M = 600 GeV, type 1

The green area highlights the allowed region from EW

N
=
2
;\ precision observables, perturbativity and unitarity constraints

M = 600 GeV, type 2 .

M =210 GeV type 1

H-> WW+Z7Z

Flavor phyiscs:
€k, Mixing in B, and Bg
system, b =2 sy
Compatible with cancellations
in the 5 % level at most

Other channels: H =hh, and searches for TeV range fermions Ll

Great possibilities for direct collider searches !!



Outlook

The 125 GeV Higgs can be accommodated in in many BSM scenarios with light partners

Precision measurements of the Higgs signals call for a significant degree of alignment that in turn
has important implications for the searches for additional Higgs bosons.

In the MSSM:

Bounds on A/H from direct searches and precision Higgs measurements are model dependent and
should be interpreted with care.

Departures from alignment yield decays of A/H into gauge bosons, h and top pairs (EWikinos)

In the NMSSM:

Necessary degree of alignment without decoupling is tied to a light Higgsino, Singlino and
singlet —like Higgs sector and allows for light stops with modertae mixing.
Good for achieving the 125 Higgs mass and compatible with perturbavity up to Mt

New search channels for A/H decaying to Higgs like singlets and gauge bosons

Composite Higgs Models and 2HDFM
Constrained by Higgs precision data & can have additional Higgs boson signals probed at LHC

Complementarity between precision measurements and direct additional Higgs searches very
important to efficiently probe extended SUSY Higgs sector or various 2HDMs



(Low energy) SUSY in the Fight




