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7
What Next: ATLAS and CMS ——i Total Stat.  ©= Syst
LHC Run 1
’ Total Stat. Syst.
Mld Q-érm ATLAS H—yy F——e——H+ 126.02 £ 0.51 ( = 0.43 = 0.27) GeV
1-2 JZ!}Wi[2015, CMS H—yy ——— 124.70 = 0.34 ( = 0.31 = 0.15) GeV
£Nf INTN ATLAS H—ZZ—4] I - | 124.51+ 0.52 ( £ 0.52 + 0.04) GeV
) CMS H—ZZ —4i ——— 125.59 = 0.45 ( = 0.42 = 0.17) GeV
o EEERettECEIEAUTIIEIRRITEICRITE CorrrrrtrE EeeEE IR LR
ATLAS+CMS yy I—EI—I 125.07 = 0.29 ( = 0.25 = 0.14) GeV
ATLAS+CMS 4] | TT | 125.15 = 0.40 ( = 0.37 = 0.15) GeV
ATLAS+CMS yy+4l |—$—| 125.09 = 0.24 ( = 0.21 = 0.11) GeV
| | I | | | | I | | | | I | | | | I | | | | I | | | | I | | | | I | 1
123 124 125 126 127 128 129

m,, [GeV]

Higgs Physics
(is it worth the effort ?)

ollow-up of La Biodola discussion...
J p of m/,? Barbara Mele
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Outline

2 where we stand today

B> Higgs boson is there !

- Naturalness

2 SM Higgs sector =P Criticalities : - Flavor
- Self-coupling

’*

> Higgs sector =» Opportunities : _ oo Portel

—f‘~

2 Higgs boson as a "source” of Dark Photons

2 Higgs self-coupling
2 Outlook
no way to show here even a tiny fraction of

the huge amount of beautiful LHC Higgs results,
collected in the last 3 years !

L ——— ————————————
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where we stand today

(in one slide)



pp collisions: where we stand today |

2 LHC run at 7-8 TeV completed [ J L ~5 + 20 fb~!/ exp]
(just initial LHC phase ! )
amazing performance =» results well above expectations...

2> SM tested at high accuracy in a new /s range :
QCD (many regimes), top physics, EW processes, flavor

2 “direct” exploration of SM EWSB sector started up with
observation of a (quite light) Higgs resonance !l

2 still a lot of room for a non-SM EWSB sector

2 bounds on new heavy states predicted by many BSM
models widely extended wrt pre-LHC era

2 no real hint of BSM physics |
2 SM Hierarchy-Problem solution getting harder...

Barbara Mele LNF, 2 April 2015 4



SM-Lagrangian : basics
SM gauge group :

Higgs Lagrangian :
['nggsz( ,u,¢) (DM¢) (¢T¢)

~_masses flx all
. Higgs interactions

H—Q,u = 2\0°

—
=,

- P> R
\
7l

buul1' up JLIS‘l' by |mposmg -
9 gauge invariance (Lsm singlet of SM gr'oup)
9 r'enor'mallzablll'ry [D <4 oper'a'ror's] $

Barbara Mele LNF 2Apl2015 5



Higgs observation = triumph of SM (and LHC !)

1 000 | | I | | |

I, 04 RI, Rq (10)
-------- Z pole asymmetries (10)
500( — _ _. M, (10) PDG 2014
..... — direct m, (10)
300 direct M,
200| B precision data (90%)

S
Q
S, 100}
I -
E -
50 -
30F |
/
20_““‘ /
‘ , _
10 Il 1 1 1 I 1 1 l‘/l 1 1 l/l 1 1 1 1 I 1 1 1 [} 1 1 1
150 155 160 165 170 175 180
m, [GeV]
. o
red area is 90% CL

prediction from EWPTs
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185

last missing
SM state |




is LHC signal really a SM Higgs ? |

2 test ghxx (magnitude and structure) to vector bosons (EWSB),
to fermions and self-couplings

W,Z

f
f w
my~ 125 GeV

H-> WW 23%*
HoZZ 2.9%*

new set
of reference
SM parameters

Barbara Mele

ThH=4.2 MeV

H - bb 56%*
H-c 2.8%

H o trt 6.2%*
H = R U 0.21%0

LNF, 2 April 2015

A = (mn /v)?/2 =0.131

H-q9g9 8.5%
H-> YY 2 .3%0™

H - YZ 1.6 %o*

ﬂ%s\’\/\ c (*) \

coUP“
mos* a

sible
acces .




a clear SM footprint is emerging : guxx ~ mx®

19.7 0" (8 TeV) + 5.1 b (7 TeV)

g :||| T T T ITTT] T T T ITTT] T T T :
<  CMS L
QI> 1 ; It is not a
O) - _ o
= " [e=68% CL - generic
10" | —9s%cL -  scalar statel
"~ |---SM Higgs :
107 £ E
: + SM pattern
107 B (M, ¢) fit } well matched
meswcL | 1 within errors |
—95% CL | -
10'4 Ll Ll Ll pusrrmm
0.1 1 10 100

Particle mass (GeV)
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Mystery in Hierarchy of SM Yukawa's

of magnitudes...

e @ - 66666
t H Z W

Pt T

e B 1T udocs b

mf r mf's span many orders
Ly, ~ , fIH " !

courtesy of R. Chierici

origin of Flavor Symmetry Breaking ?

2
Viop = V2™ 1 (222)

(V)
Barbara Mele LNF, 2 April 2015 9




SM is not enough

2 SM beautifully successful at E < 1 TeV,
but has some “"messy features” (flavour sector..

and does not explain a number of things
(strong CP, neutrino sector, baryogenesis, Dark Matter..

& crucial issue for Collider Physics (and LHC !) :

what is the expected -
Energy THReshold (EtHr) to go BSM 77‘)

),

)

Barbara Mele LNF, 2 April 2015 10



-1 E 1
V(H) — —M]%]H2§‘|— A\ UH3 1 —)\,H4 MH unpr'O‘l'ec.'red
: 4 by Symmetr'les !

=2 to avoid huge Fine-Tuning of parameters,
one expects roughly :

ETHR ~ MH / Qcouplmg ~ 0 (1 TeV)

and STILL IS ( affer Run 1 ),

{ a ROBUST statement Ul

Barbara Mele LNF, 2 April 2015 11



WARNING !

the exact way Etrr materializes (- enters theory)
depends on the actual (yet unknown !) SM extension

9 af1'er' LHC Run I Slmples'r Versuons of
! “PROPOSED" Models Iook qun1'e Fme Tuned |
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Higgs is an invaluable probe of BSM sectors

R I 1 I L I 1 I I I"”'””['""":
- CMS
Preliminary i
1F
" == 68% CL W : -
; . 1 MSSM (light h)
. |—95% CL \_/

101k ---SM Higgs

qualitative possible ranges
before LHC Higgs data

1 | 1 IIII T T T T 1 |||Irt1nnn'llnmm

CMS Composite PGB Higgs
Preliminary (smaller couplings)

(M, €) fit

= o er 1

: i -

_ — 95% CL - | -=68% CL W :

| 1 | | I | I 1 1 | 1111 |1 [EENEEITI [RTTITI B B

1 2 345 10 20 100 200 - |795% CL -
mass (GeV) 101k |---SM Higgs

typical deviations A.Pomarol -
iﬂ H COLIp'ingS in 10-2E (M,e) fit _E
'natural’ Higgs models: : B68%CL | °
few % = 10's % —9%%CL |

| 1 | 1| llll 1 1 | | llllllllllllllllllllllu

Barbara Mele LNF, 2 April 2015 13



largest contributions to gHxx from BSM |

MSSM

NMSSM

MCHM

SUSY Composite Higgs

Higgs as a Dilaton v

v

Partly-Composite Higgs v

v

Bosonic TC

Pomarol, arXiv:1412.4410

possible hint of cracks in SM could come

before new heavy-states observation !

Barbara Mele LNF, 2 April 2015




Hi S iS GI SO Sectors UNCHARGED (= singlet) :
gg i under the SM gauge group |

of Hidden Sectors | &~

L[D] ~ [SMIsinglet X [HS]singlet / [EJ®~

in general, with D<4 operators (= no mediator) :

sm X [HS

but 4D terms mixing SM and HS in the
Lagrangian possible in few cases |

Barbara Mele LNF, 2 April 2015 15



Higgs-portal SM <> HS interaction

L ~ 1/[E](D-4) [SM]singleT X [HS]singleT

» new Hidden-Sector scalar ¢ interacting with
the SM Higgs H TH operator :
Higgs-portal : L, ~ ng¢ H'H [D=4]

not suppressed by large E scales ! ¢

can contribute to H ------
H invisible width | \ ¢

—

Barbara Mele LNF, 2 April 2015



Higgs non-decoupling !

Y;top

1
g Agg—H ~ g

t Mtop
>OP H (Mtop — 00)
9 non-decoupling can also apply

to new heavy chiral states !
-» finite (potentially large) effects
from heavy BSM states |




Higgs as a "source” of Dark Photons

mono - phofon Gabrielli et al, arXiv:1405.5196

H — ”y ’7 resonant signature

massless (invisible)
%——— Dark Photon

SLR ( mediating long-range
4 U(1)r force between
Dark particles )

ey o wesserars” 1 H non-decoupling effects
(squark/slepton-like) . (just as in SM) possible:
:connecting SM to Dark-Fermion ! 1 1
:sector (Dark Matter?, Yukawa I'(H — vy) ~ >

origin and hierarchy?) : M cany — V°

Barbara Mele LNF, 2 April 2015 18



BRu(yy) prediction in minimal models

0.05
0.045 | |similar loop effects
contribute to :

LT Py = 1/

= 00| H — vy

003} i o

T 0@5-? }¥—__>fyq/

= "l “ ]2

o 0015 -.0_7 affects BRin:

0.01 }i .
BRiyy =0.1

0.005 ki Gabrielli et al,arXiv:1405.5196 -

0 0.2 0.4

Ol.6 0.8 1
. 4 U(1)r coupling

solid lines corresponds to : BR(H — 77)
BR;/2 < BRyy <2 BRy) up to 5% |
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resonant mono-photon sighature

(A1) 50 GeV < pJ. < 63 GeV (Az2) 60 GeV < pr < 63 GeV

H%’?’Y 0 (fb) |o x A;ilo x A,

Signal BRy_,~5 = 1% 65 34
. ' 1
Eﬂ'\ISS~ Ev ~ mH/ 2 e o 0
YL — YUV 157 27
j4 — juv 63 11
My = \/Qp%ET(l — cos A¢) W —ev 22 0
Total background 957 103
1000 9.1
500 | |
100 (8TeV/20fb1)
50
model-independent

do/dM7 [tb/GeV]

10

measurement of BRpp!

70 80 90 100 110 120 130
(parton-level analysis) M, [GeV] Gabrielli et al,arXiv:1405.5196
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Higgs self-couplings

1 1
> in the SM : V(H) = §M13H2 + NvH? + ZXH4

A=\ = Mz:/(2v°) =0.13

my directly related to Higgs dynamics !

7 . " /
» ----<_  needs HH 2\ A" needs HHH
*x_ in final states o ‘\‘
Model
» BSM : Max A deviations Mixed-in Singlet
compatible with no Composite Higgs tens of %
other BSM observation: Minimal Supersymmetry —2%% —15%?
° ° NMSSM —25
few % to ~20% &
Gupta et al,

-» target for both TH and EXP accuracies | 213056397
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bad news ! = tiny SM HH rates |

2 dominant production in pp collisions :

a(HH)SM ~ 1073 a(H)SM

gg — HH

A
t
/:::D t :D--@

destructive interference
ruled by Y+ and A

o(pp—HH) [pb]

[ASM = (mu/v)?/2 =0.13] Mean ! M
2 other production channels have O < 1/10 O(HH) :
qd' — HHqq'  q@' — ZHH/WHH qq,gg — ttHH

present Aty on o(gg = HH) ~ 40% .
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(SM) HH rates at HL-LHC (ev/3000fb™!)

Decay Channel | Branching Ratio | Total Yield (3000 fb~")
bb + bb 33% 40,000
bb + WHW- 25% 31,000
bb + 11" 7.3% 8,900
Z7 + bb 3.1% 3,800
WYW~+1t7t | 2.7% 3,300
77 + WTW- 1.1% 1,300
vy + bb 0.26% 320
VY + VY 0.0010% 1.2
selection of HH final states has to account for: (40.8 fo NNLO HH)

- final states experimentally clear and robust
- final states with large enough production rate

HH - bbWW [large rates but S(~103%)/B(tt pairs)~10-4]
HH = bbyy [clean but small rates], (also HH = bb[TT,bb,ZZ,u H])
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HH - bbyy (Snowmass studies) |

HL-LHC HE-LHC VLHC

14 33 100
3000 3000 3000
0.089 0.945 3.73

2.3 6.2 15.0
507 207 8%

a lot of work still needed to assess
the actual HL-LHC sensitivity to A H? coupling !
will likely benefit a lot from new exp strategies developed in Run 2

and knowledge of actual HL detector upgrades
(30 significance (SM) / 3ab~! doable ?)
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e+e- colliders |

ILC TDR + Snowmass projections

ILC500  ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000
/35 (GeV) 500 500 500/1000 500,/1000 1400 3000
[ Ldt (fb~h) 500 1600* 50041000 1600+2500* 1500 +2000
Ple ,e™) | (-0.8,0.3) (—0.8,0.3) (—0.8,0.3/0.2) (—0.8,0.3/0.2) (0,0)/(—0.8,0) (0,0)/(—0.8,0)
o (ZHH) 42.7% 42.7% 23.7% - -
o (vuHH) - - 26.3% 16.7%
A 83% 16% 21% 13% 28/21% 16/10%

based on bbbb and WWDbb simulation at ILC

Barbara Mele

and bbbb at CLIC
(to be improved - ongoing simulations)

needs full luminosity program !
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Outlook

> SM is not enough...

2 Higgs boson is the first elementary (?) scalar field
observed in nature
-» it comes together with quite a few criticalities |

2 in the SM Lagrangian, the Higgs sector is the most
exposed to BSM effects =» measurement of Higgs
properties is one of the best ways to “indirectly” discover
new physics (and discriminate among different BSM's)

2 possibility of exotic signatures in Higgs decays

2> Higgs boson observation opened up an entire new chapter
of BSM exploration

B in case of no observation of new heavy states in the next
LHC run, precision Higgs physics will have a key role in
paving the way for extending the SM theory...
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BACK-UP

Barbara Mele
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Higgs-coupling accuracy projections

Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)
Vs (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000 350/1400/3000 240/350

f Ldt (fb_l) 300/expt 3000/expt 2504500 115041600 250+500+1000 1150+1600+2500 5004150042000 10,0004+2600
K 5—T% 2 — 5% 8.3% 4.4% 3.8% 2.3% —/5.5/<5.5% 1.45%

Kg 6 — 8% 3—5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%
Kw 4 — 6% 2 — 5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Kz 4— 6% 2 — 4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

K¢ 6 — 8% 2 — 5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

Kd = Kp 10 — 13% 4—T% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

Ky = K¢ 14—15% 7—10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%
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