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* Beyond the SM & beyond the LHC era.
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SEIUE:
{"\ Nobel

Frangois Englert and Peter W. Higgs

"for the theoretical discovery of a mechanism that contributes to

our understanding of the origin of mass of subatomic particles,

and which recently was confirmed through the discovery of the

predicted fundamental particle, by the ATLAS and CMS
experiments at CERN's Large Hadron Collider"




THE MILESTONE DISCOVERY:

my; = 126 GeV

AR— on v s th 2
July 4%, 2012: ATLAS: 5.90 ; CMS: 5.00

BREAKTHROUGH
of the YEAR

HIGGS

Mosaic of the CMS and ATLAS detectors (as in 2007), part of the Large Hadron Collider at CERN. In 2012, research PARTICLE
teams used these detectors to fingerprint decay products from the long-sought Higgs boson and determine its mass, PHYSICIST

successfully testing a key prediction of the standard model of particle physics. FAB'OI.A

Photos: Maximilien Brice and Claudia Marcelloni/CERN GIANO]""

Salute To You All !
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1. X2 vyy:

- it’s neutral, a boson

- can be spin-(
- cannot be spin-1 (Landau-Yang’s theorem)

[ fT /
- can be spin-2 = T 9w

unlikely/disfavored
2. X277, WW-:

- Vacuum Q#: EWSB (v+ H )2

- CP-odd part of gauge %A P

interaction must be small

%



H =2 ZZ, WW cruaally important!
(Howard Georgi would not be convinced if only H = yy seen)

NE Universi isconsin - Madison

o= University of Wisconsin a
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'}é )\ Intermediate-mass Higgs boson at hadron supercolliders
i"_"_? ~ I 3 ] ¥ TO ONE V. Barger, G. Bhattacharya, T. Han,* and B. A. Kniehl
%l’ﬁﬁ @]gﬁ HIGGS BOSON DECA * Physics Department, University of Wisconsin, Madison, Wisconsin 53706

REAL AND ONE VIRTUAL W BOSON (Received 20 August 1990)

We study the inclusive production at future hadron supercolliders of the standard-model Higgs
boson in the intermediate-mass region (M, S My S2M ;) and its subsequent decay into two virtual
W bosons that decay leptonically. Backgrounds from continuum W pair production and from top-
quark pair production with semileptonic decays are investigated. We conclude that the Higgs-
boson signal may be observed via the decay H— W* W™ — (I%,)(I"v, ) at the Superconducting Super
CERN, Geneva Collider for 145 GeV <My S2M, if m, > 150 GeV. Here W™ denotes an on- or off-shell W boson.

E. W. N. GLOVER

How to find a Higgs Boson with a Mass between
155-180 GeV at the LHC

J. OHNEMUS AND SCOTT S. D. WILLENBROCK

Physics Department, University of Wisconsin, Madison, Wisconsin 58706

M. Dittmar', H. Dreiner?

"nstitute for Particle Physics (IPP), ETH Ziirich,
CH-8093 Ziirich, Switzerland

T
ABSTRAC 2 Rutherford Laboratory, Chilton, Didcot, OX11 0QX, UK

We study the decay H — WW* at future hadron colliders. If the top quark Abstract

is heavy, m¢ > mg/2, the decay H — WW* — (¢2)(€v) yields an observable

We reconsider the signature of events with two charged leptons and missing energy
signal at the S8C for 140 GeV S mpy < 2Mz. The f:lus.ter transverse mass of

as a signal for the detection of the Standard Model Higgs boson in the mass region
M (Higgs)=155-180 GeV. It is shown that a few simple experimental criteria allow to
distinguish events originating from the Higgs boson decaying to H — WTW ™ from the
non resonant production of WTW =X at the LHC. With this set of cuts, signal to back-
ground ratios of about one to one are obtained, allowing a 5-10 o detection with about
5 fb~! of luminosity. This corresponds to less than one year of running at the initial
lower luminosity £ = 10%3em~2s7!. This is significantly better than for the hitherto
considered Higgs detection mode H — Z°Z% — 2¢+2¢~, where in this mass range about
100 fb—! of integrated luminosity are required for a 5 o signal.

the final-state leptons allows a rough estimate of the Higgs-boson mass.

ad Xiv:hep-ph/9608317vl 14 Aug 1996



3. X not to p*p, e*e’, but t*t seen!
- Non-universal leptonic couplings
unlike the gauge couplings

1+ H/v)

4. Xtt nee_aded for gluon fusion
X =2 bb seen (vaguely)

- Non-universal quark couplings

It couples to mass, it is a new class.

It IS a Higgs!



The SM (like) ?
Need further quantitative verification:

CMS Preliminary {s=7TeV,L<5.1fb"' (s=8TeV,L<19.6fb"
[ [ [ [T T T T T T 1 T 11 T T T TTTTTT[TTITTITI00
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1 2 345 10 20 100 200

mass (GeV)

If no more than a few% deviations,

I'd DEFINE it the SM Higgs!

10



WHAT (ELSE) WE KNOW
my = 126 GeV'!

In the SM, the EWSB is parameterlzed as

(|(I)D e O P i3 )\((I)T(I)) P -—You are here =\
)\ § P ‘
= ZH4
Consequently, 1
e e = e 30 GeVo KR 3 =
Quarks U C t »}/ Ci;?rrg?s = (\/§GF)_1/2 ~o 246 Gev
ad S b 7 :
down  stiange  botom |7 s0n Completion of the SM:
w oo o W A perturbative, renormalizable
.(? # tT g theory, valid up to a scale of

FeNat v N 3
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NEwW ERA:
UNDER THE HIGGS LAMP POST

The “Observation” papers:
Now 3600 cites each!

Vast scope of topics, from

tnterpretationd, explorationds in e> beyond the SM;
applications in astronomy, cosmology, CC; strings/branes,
to “Philosophical Perspectives ....”
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The Higgs mechanism # a Higgs boson !

From theoretical point of view,

3 Nambu-Goldstone bosons were all we need!

A non-linear realization of the gauge symmetry:
3

—exp'/v} DU = 0uU +igWi =U —igUB, =
; \ A e
£_2[D”UDU / ZgW+gB)

The theory 1s valid to a umtarlty bound ~ 2 TeV
The existence of a light, weakly coupled Higgs

boson carries important message for
our understanding & theoretical formulation

in & beyond the SM.
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1.V = p21d|2 + Q) |4

[t represents a weakly coupled
new force (a fitth force):

* In the SM, A is a free parameter,
now measured at collider energies A = (.13

* In SUSY, it is related to the gauge couplings
tree-level: A = (g,2 + g,*)/8 = 0.3/4 €< a bit too small

* In composite/strong dynamics,
harder to make A big enough.
(due to the loop suppression by design)

Already possess challenge to BSM theories.
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AN AT HIGH ENERGIES

A is NOT asymptotically free.

It blows up at a high-energy scale (the Landau pole),

unless it starts from small (or zero =2 triviality).
For Mpu = 126 GeV, rather light:

f‘ "~
>
@\®

\

)

600

The SM can be a consistent
. 500
perturbative theory up to M, !

aillestin o V) i iV o

Bezrukov et al.,

arxiv:1205.2893.

My, [GeV/c?]

Top-Yukawa drags the vacuum **

meta-stable, S

or new physics below 107! GeV.

Degrassi et al., arXiv:1205.6497 0

Djouadi et al., arXiv:1207.0980
15

Triviality

- EW
Precision
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| 13 | 15
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2.V = (21|12 + Nl

.. scalar particles are the only kind of free particles whose mass term

“

does not break either an internal or a gauge symmetry.” Ken Wilson, 1970

the only dimensional parameter allowed by SM symmetry.
The “large hierarchy”:

h h
i h h h h
(a) (b) ©
3 1 1
2 2 2a2 2a2 2A2
L Sl (TSt A e A R A

If A2> m%{, then unnaturally large cancellations must occur.

Cancelation in perspective:
mH2 = 36,127,890,984,789,307,394,520,932,878,928,933,023
-36,127,890,984,789,307,394,520,932,878,928,917,398
= (125 GeV)? 1 ?

16



) 3 B

o .
Naturalness” in perspective:

Unbelievable!

4 mm? /20 cm? ~ 107 fine-tune.

“Naturalness” = TeV scale new physics.



The “Little hierarchy”:
* In SUSY, my*= M_%cos?2 + Am?gqy
Tree-level <(80 GeV)? + loop-level: >(45 GeV)?
- Need large tanf5; m

& mixing Xt =k

stop
- MSSMHiggsMass — Barbieri, Giudice, 1988
140 i Kitano et al, 2005
i X, = V6 m; i Giudice, 2007
130 =

- my, = 124—-126 GeV

Feng; 2013

Draper, Shih, Meade, Reece, 2011
. Hall, Pinner, Ruderman, 2012
- Carena et al., 2012, 2013

Xt:O

Suspect - .
: FeynnggS 1 S Helnemeyer et al., 2012-2014
o0 | | | L 7
20 300 500 700 1000 15002000 3000

m; [GeV] See Shetnemeyre s talk ...
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The “Little hierarchy”:

* In composite/strong dynamics:
(dual of extra dimension theory)

The Higgs boson as a pseudo-Goldstone boson:
Akani-Hamed et al., 2002

Contino, Nomura, Pomarol, 2003

Agashe, Contino, Pomeral, 2005
Csaki, Hubitz, 2012

- “naturally light”: Need low scale f, M.

£ miMg

Tty

my ~

SM (valid up to My — Pomarol, ICHEP’12

MSSM — Both SUSY/Compositeness

Composite Higgs —— suffer from some degree of
% DU - — GeV “tine-tune”: < 1% .

100 heavy to be light; too light to be heavy!



WHAT WE WISH TO KNOW

IN THE LHC ERA
1. A “NATURAL” EW THEORY?

e “Natural SUSY”:
Cohen, Kaplan, Nelson, 1996 i

A Natural SUSY Spectrum

Co A T T oroomy L strong dynamics
et B on ElaneiTata, 2012
Relevant to the Higgs 3000 T {jh
and the “Most Wanted”: S0 T
B b5 S o | T g
Current LHC bounds: :5(Gv)h

m; > 200 — 680 GeV,
my+ > 100 — 600 GeV (depending on m,o0)

* “Compositeness’: the T’, current ATLAS limit:
M. > 480 GeV, for M, < 100 GeV.

20



2. EXTENDED HIGGS SECTOR?
The Higgs boson should have not only relatives:

f, l~), ﬁi’o; T’,
Bot also siblings:  HY AL H-  H— 5
Haber, 2012

Branco, Ferreira, Rebelo,

: Sher, Silva, arXiv:1106.0034;
2 TWO nggs DOUblet MOdel (QHDM) Coleppa, Kling, Su, arXiv:1305.0002.

Ellwanger, Gunion et al., 2012
S. King et al., 2012

® PIUS a Singlet: R. Barbieri et al., 2013, ......

* Triplet Model:

21



Example: MSSM Two Higgs-Doublet Model

after the dlscovery: Arbey et al., 2011, 2012
Baer et al., 2012

5 Higgs bOSOHS: ho, HO, AO, s i Heinemeyer et al., 2012

Carena 201 22201155 Tsdet

Tree-level masses given by My, tan 3

500

100}

Collider bounds:

LEP+Tevatron+LHC D 50+
LEP+Tevatron+LHC
40 A>0
= 30t
S

\ . . | O 00 200 300 400 500
100 200 300 400 500 m, (GeV)
m, (GeV) (b)

TH, Su, Christensen, arXiv:1203.3207

22



G (fb)

Decoupling Sector M, > 300 GeV:
Search for heavy H°, A’, H* will continue.

Non-Decoupling Sector: immediate relevance!
Typically: m;, M, ~ M_; while M, My*~ 125 GeV

Model-independent: pp =2 H*AY, H*H- rate sizeable
Model-dependent: pp = H*h, Ah comparable

| ' | : - R R '
(a) Vs =8 TeV -
100 3 : ) 100 : x
©
- (c) Vs =14 TeV
10 24 10 | ] B -=|
90 100 110 120 130 140 90 100 110 120 130 140
Mao (GeV) Muo (GeV)

TH, L1, Christensen, arXiv:1206.5816
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3. THE HIGGS PORTALS TO COSMOS?

H'H is the only bi-linear SM gauge singlet.
Bad: May lead to hierarchy problem with high-scale physics;

Good: May readily serve as a portal to the dark sector:
k
LH'H S*8S, KXHTH X

Missing energy at LHC Direct detection Indirect detection
7 N A N\

. P et e a/

24



SUSY nggs funnel soon covered by direct searches:

10°

107
107°F
105k
a 107}
Q -8.
s 10 F
¢E?109;

10-10'_

10-11

10712}
10-13' <

10%¢

-4

<0, v>(v—0) (pbxc)

105}

CoGeNT

10

100

m, 0 (GeV)

71000

10"}

10°}
Pl
10'25
103}
107F

Fermi (bb channel) 90% C.L. ;

Ll

100

m, 0 (GeV)

71000

FEEZ Llu, A Natara)an, arX1v 1503 3040

109

—
<,

BR(h,H,A—x %)

—t
S,
BN

Inv. decays

10-7~
10'8.—

25

m, 0 (GeV)

Cahill-Rowley, Rizzo, Hewett et al. arXiv:1305.6921
Fowlie, Roszkowsky et al., arXiv:1306.1567



OTHER POTENTIAL CONSEQUENCES

For ¥y =126 GeV,
EW baryogenesis needs light sparticles:

= 150 GeV, Carenact]l 201
Chung et al., 2011.

mstop
plus a light neutralino, singlets ...

Bezrukov, 2008;
Nakayama, 2011.

The extstence of a fundamental scalar encourages the
consideration of scalar fields tn coomological applications.

26



4. FLAVOR & MASSES

Particle mass

hierarchy:

Masses (eV)

1013
1012
1011
1010

10— R
1093
PO FS

10— °

I IIIIIII‘ [ IIIIIII| [ IIIIIII‘ [ IIIIIII‘ [ IIIIIII| [ IIIIIII‘ [ IIIIIII‘ [ IIIIIII| [ IIIIIII‘ [ IIIIIII‘ I IIIIIII| [ IIIIIII‘ [ IIIIIII‘ [ IIIIIII| I IIIIIII‘ [ IIIIIII‘ [ IIIIIII‘ [ IIIIIIIF

L e e II

(TeV)
W e G
S, (GeV)
u

(MeV)

Al Sprop ool e toy:

II (eV)




The fermion mass/mixing is a much” bigger puzzle!

What controls the mixing structure:

“Minimal Flavor Violation” for BSM?
The b rare decays are pushing the limits:

b%sy, BS%}lJr}l'

-9
6x10 LHCb —

95%‘CL upper limit -

5x10°2F

4x10°°}

BR(Bs—u'w)

3x10-“F=.

2x10°9}

tanp

Top-quark rare decays sensitive to BSM Higgs physics:

= b ElE b EHAWV=E €]
Eilam, Hewett, Soni, 1991; Mele et al., 1998;
Atwood, Soni, 1997, 2001; W.S. Hou et al., arXiv:1304.8037

28

BR(Bs) ~ tan®p [ M4,

TH, Liu, arXiv:1303.3040
Carena et al., arXiv:1305.5761.

Most recent LHCb+CMS:
arxXiv:1411.4413

B(BY — utu™) (2.8 %0¢) x 107 and
BB’ — utu™) (3.9%1%) x 107",

S8 = 0.76 1020 and SB = 3.7 116,



Sadi
M

The Higgs as pivot for “seesaw”™  m, ~ &«
Type I seesaw: M = M right-handed (sterile) N
H % NN, N 9 HV, e Yanagida; Ramond et al.; Mohapatra ...

Type H seesaw: M MH++ e nggs trlplet O, H> 214k

1.000 1.000

NH ' y y § ERT T i E Mohapatra, Sen)anowc,

Fileviez-Perez et al., 2008.

: : 1 Chaudhuri, Grimus,

] % :1+ 1+ |  Mukhopadyaya, arXiv:1305.5761
P Ly Chun et al., arXiv:1305.0329

0001 1 |||||||| 1 |||||||| 1 ||||||||
104 1073 10~ % 10-1

l || 1 1 I 11111 1 1 1 11
04 10-3 1072 101
m, (eV) m, (eV)

Type I1I seesaw: M = M., a fermionic triplet Ts:

7 9 H 1+i : TO % W+H 1 Senjanovic et al., arXiv:0904.23009.
Watch out: HY 2 pt (1% I) for BSM flavor physics!
929 FE: N arfatias PRE (20015

Harnik, Kopp, Zupan, 2013



5. COUPLINGS & WIDTH

Higgs boson couplings encode its properties:

Yukawa coupling

EWSB

Color/charged """

.mf
—17' (1 1= Af)

igmy (1+Aw)guv

W,
===y

orEn,
Wy

~Z,

H : 1
18 cos Ow
75

particles 1n loops:
8 GEE00Y

30

mz (1+Az)uv

Y(Z)



Precision Higgs Physics

In a pessimistic scenario, the LHC does not see a new
particle associated with the Higgs sector, then the effects

of a heavy state on Higgs coupling g. at the scale M:

A L 1NO(1;2/M2)zafew % tor M =1 TeV
gsm

If not observed, I'd DEFINE (¢t THE SM Higgos!

Higgs coupling deviations:

A: VVH bbH,TTH ggH,yyH HHH
Composite  (3-9)% (1 TeV/f)? e T 100%
HYAY 6% (600 GeV/M ,)?

il -10% (1 TeV/Mr)? (loop)

LLHC 14 TeV, 3abl: 8% 15% few % 50%

31



coLLISION CoURSE BEYONG THE LHC ERA: FCC

Particle physicists around the world are designing colliders that are much larger in size
than the Large Hadron Collider at CERN, Europe’s_particle-physics laboratory. Nature News, July 14

LHC Lea S the ay (2015-2030

hina's electror
52 km; 240 GeV
China’s super pro
52 km; 70 TeV

CERN's Larg
Hadron Collider

Circimference: 27 km
Energy: 14 TeV

ositron collider

bn collider

ternational
collider

S/European suph
proton collide

100 km; 100 TeV
e+e-&7,240-350G;

CEPC/SppC?
A

‘oposed

Linear Collider

Length: 31 km IL.C as nggs Facto & bey()nd GeV, gigaelectronvolt

<1 TeV
-

Table 1-1. Proposed running periods and 1ntegrated 1um1nos1t1es at each of the center-of-mass energies

for each facility. Snowmass 1310.8361
Facility HL-LHC ILC ILC(LumiUp) CLIC TLEP (4 IPs) HE-LHC VLHC

s (GeV) 14,000 250/500/1000 250/500/1000 350/1400/3000 240/350 33,000 100,000
NLdt (fb~")  3000/expt  250+5004+1000  1150+1600+2500  500+15004-2000  10,0004-2600 3000 3000
— ILC 34343
Et (107s) 6 3+3+3 ( +3+3) 3.14+4+3.3 5+5 6 6
+ 3+3+3




nggs-Factory Mega (l 0°) nggs Physics

- — e - HZ
I —HZ, Z - vv |

[\
(9]
o

Cross section (fb)

[\]

o

o
|

.......................................................................................

i : ; : . : e’ Z
& : | L A

ey J S F— S— T— A— g e N
; i : ; ; : ; " .

: . : : : : : .

H 1 . H . . H n

. | | . " " . . [ ]
100 | R oo oo e S S

: : : : : : -

e N B e : V-
- '— : L ' O —-_-——I—|—|==&===| , E 78 UE/E_
.‘900

220 240 260 280 300 320 340 360
\s (GeV)

ILC: E_ =250 (500) GeV, 250 (500) fb!
: Model-independent measurement: [LC Report: 1308.6176
I'y~6%, Amy~30 MeV
(HL-LHC: assume SM, I';;~ 5-8%, Amy ~ 50 MeV)

¢ TLEP 109Hics-@1054 - T2 1% Ao 5 MY,
TLEP Report: 1508.6176 .



Higgs Total Width & Invisibale BR:

Relative Error 0X/X

i Model-Dependent Fitting A (MDA)

34

BR. < 1%



Higgs Production @ SPPC

8 TeV 14 TeV 33 TeV 100 TeVY
LHC LHC HE LHC VLHC

O (100 TeV)/0 (14 TeV)

Snowmass QCD Working Group: 1310.5189

At: 1%

A: 8%



Higgs Self-couplings:

I o o 9HHH ,;,3 GYHHHH ;4
3m7; 3m?4; . . AL
gHHH = b€V = o 9gHHHH = b6€ = 2 Trlple couphng SeIlSlthlty.
. Test the shape of the
%’ 80 ;— ------------------------------- e ¢*g” 1 |LC oF TLEP-500, ILC-1TeV, CLIC-3TeV [ Higgs pOtential, and
(Z) 60 - 1r. —— pp : HL-LHC, HE-LHC, VHE-LHC |
(@) —
D 40 E perhaps the fate of the
2 oo e
< 2 . EW-phase transition!
8 0 :— ------- B R R i --------- + ----------- +20%
O _20 ;_ ....... B O Rt P
_40 ;_ ..........................................................................................................................................
-60 ;_ ...............................................................................................................................................
801 j -------------------------------- TLER Report: 1308.6176
[ HHH cou%ling \
! MO OO (O O O T O OO0 OO O
0.5 ab" 1 ab1 3 ab" 1 ab™! 3 ab! 2 ab! 3 ab
Snowmass 1310.8361
) HL-LHC ILC500 ILC500-up  ILC1000 ILC1000-up HE-LHC  VLHC
i (GeV) 14000 500 500 500/1000 500/1000 33,000 100,000
YZdt (fb~ 1) | 3000/expt 500 16007 50041000  16004+2500% 3000 3000
— s 50% 83% 46% 21% 13% 20% 3%




Summary:

- The Higgs boson 1s a new class,
at a pivotal point of energy,
intensity, cosmic frontiers.

“Naturally speaking”:
- It should not be a lonely solitary particle; has an

“Interactive triend circle™ ¢ w* z

frelatives + - H9% 1 b (§); S, 5.

“siblings™ = HO AO, IS s

- Precision Higgs physms:
LHC lights the way: g~10%; Ay ~ 50%; Br,  ~ 20%
Higgs factory/FCC: g~1%; Ay < 10%; Br, , ~ 2%; T, < 6%

An exciting journey ahead!



Merry Christmads

and a Happy New Year




