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July 4t 2012: A Higgs boson
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Higgs boson

PRD 89 (2014) 092007, PLB726(2013)088
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Mass in the individual channels

1 1 1 I 1 1 1 1 I 1 1 I 1 I 1 1 1 1 I I Ll 1 1 | I 1 1 1 I 1 1 1 1 I 1 1
ATLAS and CMS —— Total Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst.
ATLAS H—yy —— 126.02 £ 0.51 (£ 0.43 £ 0.27) GeV
CMS H—yy ——— 124.70 £ 0.34 (£ 0.31+ 0.15) GeV
ATLAS H—ZZ—4l I - i 124.51+0.52 (£ 0.52 £ 0.04) GeV
CMS H—ZZ —4l ——— 125.59 £ 0.45 (+ 0.42+ 0.17) GeV
ATLAS+CMS yy I-EI—l 125.07 £ 0.29 (+ 0.25 + 0.14) GeV
ATLAS+CMS 41 I-_I-E—| 125.15 £ 0.40 (+ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l I—?ﬂ 125.09 + 0.24 ( £0.21 £ 0.11) GeV
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
123 124 125 126 127 128 129
m,, [GeV]

» Most accurate measurement in the yy and 41 channels
« Some “tension” between the four measurements (p-value ~10%)
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Couplings: individual channels

EPJC 75(2015)212, arXiv:1507.04548

ATLAS and CMS Preliminary - ATLAS
LHC Run 1 ~ CMS
- . -0 ATLAS+CMS
Yy _E_._ —z+ o
n -'-°—_._
Results based on the full B
2z |, ———
Run 1 data samples W §
WW S
U —
U o
—r— +0.11
— ; p= 1092019
S
lllllllllllllllllllllllllllllllllllllll

0 0.5 1 1.5 2 2.5 3 3.5 4
Parameter value
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Standard Model theory of everything?

 Discovery of the Higgs boson
marks the triumph of the SM

« However, even with the
inclusion of the Higgs boson,
SM is an incomplete theory

M. Gallinaro - "The Higgs boson and beyond" - May 16, 2016 10



Beyond the Standard Model

The Standard Model answers many of the questions about the
structure of matter. But the Standard Model is not complete; there
are still many unanswered questions:

a) Why do we observe matter and almost no antimatter if we
believe there is a symmetry between the two in the universe?

b) What is this "dark matter" that we can't see that has visible
gravitational effects in the cosmos?

c) Are quarks and leptons actually fundamental, or made up of
even more fundamental particles?

d) Why are there three generations of quarks and leptons? What is
the explanation for the observed pattern for particle masses?

e) How does gravity fit into all of this?

M. Gallinaro - "The Higgs boson and beyond" - May 16, 2016 11



Higgs and BSM

ATLAS-CONF-2015-044, CMS-HIG-15-002

* Is there BSM physics hidden in the "Higgs sector’?  girateqy: parametrize
g L

deviations wrt SM in

TOBVOO0) AN\ .
" production and decay
bty A= 4 A Wbt = loops are sensitive
g , W K to BSM physics
0000000 BN/ \/ \s f;l&AFi] :r11d CMS Preliminary
K2 L w2 B 4
(0-BR)(gg = H—vyy) = osm(gg — H) -BRsm(H — yy) - gKQKAY KZ_+EVF1§SL=0 5
H Kw| Tlo -.-
Experimental approach K| ——
« Measure H(125) properties Ml =
o : K .
» Search for additional Higgs bosons Kb—
° —
» Search for BSM in signatures with Higgs bosons [ e
» Search for BSM Higgs decays BRygyt— o

111 | 111 I 111 I 111 l 11 11 I 111 111 11 1 11
0 0204 0608 1 12 14 16 18 2
Parameter value
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Couplings: decays

ATLAS-CONF-2015-044, CMS-HIG-15-002

BSM physics in the loop Vector and fermion couplings
ATLAS and CMS Pre"minary M L l L l T 17 l L l T 177 l T 17T I 1T l_
| LHC Run | 1 .6_— ATLAS and CMS 7]
KZ +KV = 1 _*: : LHC Run 1 .o' ............ ..'. :
— * BRagy=0 5 1.4 Preliminary .~ " .
K —=+1o — K 1
Wl —+20 ; i ' :
Kt_ " 1.2~ n
K; i __°_'_ 1:_ _:
Ky| ———— : :
- 0.8 .
Kg ——°—“— o |
K, B __._,_ 0.6_— 7
— - | *SM  —68%CL [Jcus i
BRegui™ — 0.4 + Best it ---95% CL [JATLAS+CMS —
L | | | | I I | I | I | | | .| | L1 1 1 I | | | | |

0 02040608 1 12 141518 2 07 08 09 1 11 12 13 14

BRgs)y can be measured

BRgsy < 0.34 at 95% C.L. (assuming k,, < 1)
BRgs)y includes non standard decays, visible or invisible

= Results in agreement with SM (k,=kr=1) within 10
M. Gallinaro - "The Higgs boson and beyond" - May 16, 2016 13
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Looking for new particles

ATLAS-CONF-2015-044, CMS-HIG-15-002

» Constrain BRgg), in a scenario with
free parameters

° FtoterW+rZZ+rbb+ e +FBSM
* Likelihood scan vs BRggy

« Assuming couplings bound by SM
expectations (k,<1)

« 0<BRy4,,<0.34 at 95%CL

-2 AINABR_ )

" ATLAS and CMS
:‘LHC Run 1 Preliminary

L — Observed
F e SM expected

M. Gallinaro - "The Higgs boson and beyond" - May 16, 2016
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Couplings: production

« Assuming tree level couplings as in the SM and only allow modifications

in the ggF and H_)YY IOOpS Mc» _l L | T | L | T I o I T | L | L l_
1.8 ATLAS and CMS -

‘ - LHC Run 1 3

1.6 . —

ggF loop N i i Prellmlnary" ______ . ]
1.4 : —

1.2 ~

- -

0.8F -

0.6F -

B [ JATLAS i

0.4 »SM  —68%CL Jjcms -

-+ Best fit [JATLAS+CMS -
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0.
Additional heavy fermions or charged Higgs 6204 0608 1 1.2 1.4 16 1.8

boson would modify the effective couplings K,
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Constraining Higgs width

PLB 736(2014)64

obs.(exp.) @95%CL.:
[,<5.4(8.0)rsM

 couplings and width sensitive probes to BSM I,<22(33)MeV
« indirectly constrained in coupling fits CMS 19.7 " (8 TeV) + 5.1 fb” (7 TeV)
. . > ] I rera I LI I LI I v ' L I LA }.
- off-peak to on-peak ratio proportional to I';, 3 %“F * Data B
i [ gg+VV = ZZ )

i . . pud

» constrain Higgs boson width by using off- = sof- B g5 — 2Z .
shell production/decay a | B Z+X :
c X -
 measure ratio of gof-peak to gon-peak > 4o 310 E
Lt : 2ol :
on—peak| ggHSHZZ off—peak 30 219 .
OogsH377 & v Ogg sH 77 & gzggHgZHZZ z o l -
af l B
. Caola, K. Melnikov PRD88(2013)054024 20t . :
J. Campbell et al. arXiv:1311.3589 %10 120 130 140 150 ]
10 m, (GeV) 7
— Jqgn @NJY,,zz: couplings to gluons and bosons .
» measurement of ', ' e Ldil

0 ~ JR.
100 200 300 400 500 600 700 800
m,, (GeV)
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High mass: H— WW/ZZ

JHEP 10(2015)144

» Search for a heavy Higgs boson
- H—-ZZ—-4¢, 2(2v, 2(qq
— HH-WW-—2£02v, 2(qq

 optimized separately for VBF and gluon
fusion production processes

» SM-like Higgs boson excluded in 4 and
2(2v/tvqq channels at 95%CL in mass
ranges up to 1000 GeV

» Search interpreted in BSM scenario
(heavy Higgs, heavy EWK singlet state)

— evolution of signal strength of the singlet state
with modified couplings/width wrt SM.

— assume new scalar does not decay to any new
particle

3 CMS upto5.11" (7 Tev) + upto 19.7 o (8 TeV
s10°F T 7T 1 T T 1 T T
O‘D == Combined === Combined (exp. = 20)
B , —— H > WW —2{2v—H - WW —> £fvqq
S 10°F — H o2z 5202y —H->2Z >4
! —— H - 2Z — 2£2¢
E 10
—
O
X1
o)
(e)]
107'E
10—2I I 1 1 1 l 1 1 1 l 1 1 1 I 1 1 1
200 400 600 800 1000
m,, [GeV]
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Extending searches

* Minimal Supersymmetric SM (MSSM)

— Neutral Higgs: ¢—tt/bb/uu
— Charged Higgs

* Next-to-MSSM

— Light pseudoscalar: h—aa
—Non-SM decays: h—2a—4t/4u

* FCNC: t—cH

M. Gallinaro - "The Higgs boson and beyond" - May 16, 2016 18



Higgs sector in the MSSM

Higgs sector in SUSY contains two scalar doublets:

5 physical Higgs bosons
—3 neutral: CP-even ¢=h,H CP-odd A b

g Tooooy——— b
—2 charged H*
« SM-like Higgs boson:h e [
g TTTTON

Neutral Higgs ¢ decay modes:
* BR(¢p—bbar)~90%

« BR(¢—tt)~10% :jj> .....
* BR(¢p—uu)~0.1% :

Two main production modes:
* gg—H
» bbH

M. Gallinaro - "The Higgs boson and beyond" - May 16, 2016 19



Neutral MSSM Higgs

JHEP 10(2014)212, arXiv:1409.6064

« Enhanced couplings of MSSM Higgs to ’
down-type fermions (large tan[3) S

=increased BR to t leptons and b-quarks 4

h/H/A
- -

b

. > Fr T T T T T e

« Search for neutral MSSM Higgs boson §  [ATLAS (s=8TeV, fLdt=203f"

. 8 300 :—h{H/A—-‘rleprhad e S,at:;; 281 tza o —:

* 5 final states used: ut,, et T, T, ew, uw : 2505_hlgh mass category LN

— Reconstruct tau-pair invariant mass g E“nfllji'{;gfé%‘ésm;

200~ [ Multijet -

— Split in b-tag/no b-tag categories to enhance : W\ Bl uncertanty

sensitivity 150F E

« Main backgrounds: Z—tt, QCD/WH+jets, oo E

DY ttbar, dibosons 50[- .
00 100 200 300 400 500 600 700 800 9001(;00

miVC [GeV]
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Neutral MSSM Higgs: ¢—tt

JHEP 10(2014)160, arXiv:1409.6064

* Direct search: inclusive and b-tagged

. . _ tanf vs m, window becoming smaller
* T in both leptonic and hadronic decays P A 9

-1 -1
— CMS O—>TT 19.7 fbd (8 TeV o 60 ICMIS' hyll‘i,A'—’T:' | 1|9.7|'b l(8 TeV)l u 4|‘9 flb ,S7 eV)
L L) L] I L) L) L] I T L] L) l L) L] L] : - "l 4 -
g . " m, =200 GeV 95% CL S - [cLcmssm,sm)<0.05: .
’I: * i 68% CL 50 - —— Observed -
.f‘ + Best fit R Expected
=5 06 S { Expected for 40 - + 10 Expected -
Q o967 SM H(125 GeV) : + 20 Expected ]
.-8. | o . [ ]
Q = L i
ol r \b 7 30 =
2 04k \\\\ ™. - L ]
L \\\ i : i
T 20 .
\\ \\\ i I ]
0.2 ™ , - f J
\\‘ i A FN s | 777 miteo™ o 12523 GeV | -
4 5 7 10 - 4 MSSM m[** scenario -
0.0 0.2 0.4 0.6 0.8 200 400 600 800 1000
o(gg¢)-B(¢—r) [pb] m, [GeV]

Model-independent limits by

separating production modes No significant excess over bkg expectations
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Neutral MSSM Higgs: ¢—uu

arXiv:1508.01437, ATLAS-CONF-2012-094

» Search for a uyu mass resonance
— Model-independent
— associated production, gluon fusion
» Good mass resolution
— full and clean reconstructed final state

» Split in b-tagged and non b-tagged categories to
be sensitive to gg—¢ and bb¢ production modes

« Main backgrounds: DY, VV, ttbar

CMS 19.3 b (8 TeV)

-
o
w

- gg—
Z a9 ? ) [ | Expected limit + 20
: ¢_>“' u - Expected limit + 1o

--------- Expected limit

—
o
oS

—— QObserved limit

-
o

95% CL upper limit on o - B (fb)

Q
o
—

1 1 1 1 I 1 1 1 1 ] 1 1 1 1 l 1 1 1 1
00000000 > 200 300 400 500
m, (GeV)

CMS 19.3 b (8 TeV)
> F
®
(&) —
21055 —4— Data, b tag
g1l I
& f W'W, Wz, 2Z
10%E I Drell-yan
E — Signal, mA=150 GeV, tanB=30
102E
10 b-tag
107 |
10° 10°
m,... (GeV)
CMS 19.3 b (8 TeV)
2
O
o —4— Data, no b tag
g B
@ W'W, Wz, 2Z

107

- Drell-Yan

— Signal, mA=150 GeV, tanf=30

102 10°
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Charged Higgs

e If found, a clear indication of BSM

» Study non-SM Higgs in two mass
regimes:

tb

e
Q

° mH<mtop
—Mostly produced in top quark decays
—Large tanf: H¥*=>t+v
—Small tanp (<1): H*=cs

° mH>mtop

_ _ su ’
—Produced in gluon-gluon fusion L

, 120 140 160 180 200 220 240 260 280
—Main decays: H*=>tb, H*=»>t*v m,.(GeV/c®)

* Main backgrounds: ttbar, W+jets

cb

Ccs
[1AY

.
©
N
T

Branching ratio of H" decays

—
e
©
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Charged Higgs (cont.)

_

o' e, --e--- H" prod. xsec, tanp=5
r "=

* Different strategies for low- and high-mass searches
 tau+lepton, lep+jets, and eu final states

 b-tagged jet categorization
- limited by statistics at high-mass —

---a-- H' prod. xsec, tanp=30

Cross section [pb]

) I T P SN FERTE PR SRTTE PR P
10 200 250 300 350 400 450 500 550 600
H* mass [GeV]

HT - 29999990004
5 t b\ vt
H™
tA - ---
t b, - Yb
g 229990000000/ g ]l
— T« LQQQQQQQQQ0 A
W
mH<mtop mH>mtop
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Charged Higgs and top quark decays

JHEP 07(2012)143, arXiv:1508.07774

m,. =100 GeV/c?

-
T

 Look for charged Higgs in four final states:
— Tau+lepton (electron or muon)
— Dilepton (tau decays leptonically)
—lepton+jets
— Fully hadronic: tau+jets

Branching Ratio
o
(-}

e
)

e e -
N L
T T T T T T T, T

MSSM

T, tjets T, +lepton (e/u)
7+ — hadrons 7+ — hadrons
Ht .- Ht .
£ 0000000000004 Vr g Vr
Lops Cops
t4 ) t )
soa000000090) & _/b q' ;g D vy

-
=
I
as
-
=
I
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Number of b-tagged jets

H
e
b
) b
QQQQQQQQQQp——>—
19.7 o (8 TeV)
(2]
E 4 -o-Data
o 10 __H-tb[ipb]
U>J eu final state [250 GeV]
_ _H>w[ipb]
10° [250 GeV]
.ti dileptons
[Jzv-n
1 02 Single top
guark
10 DOther [3
B v .mutiets
.Dibosun
1 Bkg. unc.
(stat@syst.)
10"
» 1.5
2
m
® 1
©
0O 05

2 3 N >4

b-tagged jets

High-mass H* search:
look at b-tag multiplicity

19.7 fb’ (8 TeV)

24
QC, CMS ~Data
6 U + jets final state TS
2 10 [253 GeV)
w i
. [Jwse
107 Ww-s
L .W+u.d.s.g
Single top
104 E quark
z B oicoson + 2y
S DMullijels
N o
10 § (stat.@syst.)
10° F
5 13—
2 12
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® !
= 09
8 0.8
0.7

By, Mo, Hes Hy  Hys
“Plets ~ ety ~Ylets ~ Ib‘fag\ eb"ags
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Looking at tau decays

CMS-HIG-12-052

« Use R variable in the limit extraction: binned maximume-likelinood fit
» Tau fake component is data-driven, includes uncertainties

\s=7TeV, 4.9 fb"' CMS Preliminary

o IIII!IIII!IIll!llll!llll!llll!llli!llll!llll!llll-l
SM BSM = 0.4 —— data -
© [ —— H'[m =120 GeV] y
0.35 - mlslc'i'entlﬂedth 7
w+ . H* — i DY + jets 4
[ P P, p . - [ Diboson .
e ::v ® E *T v“_:c ® _1_.;:] t 0.3 mm Singlet -
- =b . - = D\ - %thertf .
o, g, o 0. - Bt — e -
e 8 VS Y o 0'25: bkg tofal unc. :
0 2: [7777] signal total unc.
. an s _p.,‘, Lo 'y DA Py T b‘n R . : B(t - H+b) = 0'05
Ne ® 'Vt V‘- ® 11 0 15__ .
—>  G— . A9 NN
- - =2 |l -
0-.. pv oy pv 0 1'
0.05F N ~ )

0.102030405060.70809 1
plead.track/Et
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Is there a charged Higgs?

JHEP 07(2012)143, CMS-HIG-12-052, arXiv:1508.07774
« If anomalous tau/lepton production in ttbar decays there may be contribution from H*

Yields in agreement with m.;: 80-160 GeV  B(t — bH*)< 1.2-0.3%
expectations = set limits 200-600 GeV  o(pp — t(b)H+)< 2.0-0.2 pb
................... 197 b (8 TeV) 19.7fb' (8 TeV
%100—2 I I I I CMS— N T 197fb (BTeV) '_E' cprrrrprrrhpr e e e I""I""I""(I"ell
S I ] g CMS  t - Hb H - v, a CMS yP—"(b)“”::'-l"b
& & pp-HbH, Hoty, e 1,+jets final state + 10F +iets, pt, 'na states —
; 80_— ' ,#lets final state m Observed (%) Assumlng B(H'— tb) =1
g i l:?t:\“:m Gev Xﬁ EmE Expected median + 1o 8 —=— Observed
& 60 [CIMultijets (data) ~ — S Expected median + 20 — femmaeeed Zpectz me::an j—r:’
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At 13TeV, expect improvement - ttbar xsection increases x3.3

with 5-10/fb for m,,>300GeV = . signal increases x6(x7) for m,,=500(600)GeV
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Still hope for MSSM?

JHEP 07(2012)143, CMS-HIG-12-052, arXiv:1508.07774

« A new modified MSSM scenario: m, M4 (arXiv:1302.7033)

» Reduce amount of mixing in the stop sector (X/Mgsvy)

« A/H decays to chargino/neutralinos allowed (arXiv:0709.1029)
* Allows for reduction of decays into Tt and bb

19.7 fb”' (8 TeV) 19.7 fo'' (8 TeV)
@- i T 7T 'I Trri 'I T i1 iT7T ] T 17T T L DL l T1TT7T ]’ T ‘1—1 ﬂ
c CMS c
] ]
—_— et
pp — Yb)H"
t > HD H' —t*v, final states:
- H'-=t'v,, 1, +jets final state B 1, +jets .
MSSM m[** H*-tb final states:
___l+jets, ut, il
-&— Observed SO I T v
— = MSSM m** —
10: [ ] Excluded 10: " ]
- 5 Expected median + 1o \%m:i 1
L seeee Expected median * 2¢ G ]
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------ Expected median + 2¢
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Cross section ratios

PRD 80(2009) 071102

Many systematic unc. cancel in the ratio S "Toooom
I I i - g, L=1.0 fb'
Study of cross section ratios 2 ol = EoesasseoLim 0%
E:>SenS|t|V€ to BSM % . —e— Observed 95% CL limit
1.BR(I+jets)/BR(Il) | —————
4 __.—/..—-——I—"
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Light charged Higgs: csbar

JHEP 12(2015)1, arXiv:1510.04252

 H—csbar decay o ¢
— dominant in low tanf region \QQQQQQQQQQL H+<
* Lepton+ijet final states t—'\§
. b
« Dominant bkg from ttbar t ~
. _ i b
» Kinematic fit to reconstruct W/H mass M\Q -
n
« Set model-independent limits on BR(t—H*b)~2-7% g W u
> E_:Msllll ||197lfb1(81TeV)_ CMS 197fb-1(8TeV)
S soof- moco 3 Q) L
0 m,,. =150 GeV Cw . T
@ - Bt HB)=12% B Zsjets : ?
E, 4000~  um+jets =$:::;f — % 0.08 e+ Observed 1+ jets
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O 0.05}
1000 X
& 0.04
Sl 11% B + """""""""""
8@ o G g
8Egc_ B——a 88016 T T T T80 P P

0
M. (GeV) 90 100 110 120 130 140 150 160
M. Gallinaro - "The Higgs boson and beyond" - May 16, 2016 m,. (GeV) 31



Doubly charged Higgs

EPJC 72 (2012) 2189, CMS-HIG-14-039

19.7fb" (8 TeV)
> N L L L L L L
o Preliminary ¢ Data [l @@ —4l (500 GeV)
w0 ENZZ EEVW
g v Emwz
o 10
>
L

 Model

— SM extended with scalar triplet (®**, &*, ®°) g 3;4 ..... R N A"
— Triplet responsible for neutrino masses § 0 10 20 %00 A0 00 P

— Search for doubly- and singly-charged N ——— é‘:;se\i’

— DY pair production is most common 100% @+ o Prefiminary _

— SS lepton pair of any flavor combination o 1

« Search with 23 leptons of any flavor 00%:9, S

— Search for excess of events in one or more flavor enchmar =::::::: a

combinations of SS lepton pairs :::2 P

* Dilepton invariant mass as discriminant — -

0 100 200 300 400 500 600 700 800 900 1000
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non-SM Higgs decay: h—2a—4u

PLB 726(2013)564, arXiv:1506.00424

» Explore non-SM decays of a Higgs boson (h) 5
—Higgs boson (h) can be SM or not
— include production of two new light boson (a°)
« Search for generic Higgs decays: h—2a+X—4u+X ¢’
» Selection: minimize sensitivity to model details
— Find low mass muon pairs (“dimuons”) 207 167 (8 TeV
— Require each event to have two dimuons | -
— Require two dimuon masses to be consistent '

* Results S

— Observe 9 events in off-diagonal region, consistent with cﬁ 2
bkg expectations :

— Signal region: 1 event (2.2+0.7 bkg)
— Limits on production rates, benchmark models

25 10—2
B ®

o
&
Events / (0.025 GeV x 0.025 GeV)

Ly
(3]

]
S
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NMSSM and Dark SUSY Limits

PLB 726(2013)564, arXiv:1506.00424

1 0_2 20.7 fP" (8 TeV).
w10° .
Results interpreted in NMSSM and dark SUSY ,210.4 CMS (95% CL)
 Dark SUSY: h decay to pair of neutralinos (n,);: LSP S s ]
ytop (ny) 510°he > J | Dark SUSY
o ‘b
.510'5 ________ 10%——8
[= Nt A ‘.'.iit,%’;':t:t:'
uu .g10'7 g ATLAS (90/0 oLy e
(4]
n1_)nD'YD deCayS h === 510'8 SN PP—h—n,n =Yy, E
. B(h—YpYp*X) = 0.1 - 40%
invisible 107 : : :

0.0 0.5 1.0 1.5 2.0
mass of v~ [GeV]

20.7 fo' (8 TeV)
3T e

NMSSM 95/ CL upper limits: 1
[ % my=3855GeV i N
~e- m,'=2GeV | ]

2'5— —- m:_OZSGeV
CMS

* NMSSM: Extend MSSM by adding a complex singlet
field (1 CP-even+1 CP-odd boson)

* NMSSM: h, ,—2a,; a,—2u
« Compare to SM Higgs cross section

I Reference model:
2—_— o(pp—~>h—a,a,)=0.008xa,,
- Bla»2u)=7.7% "I

T — ]

0.5:— h'N‘M$§iM :hi=h2: 7
[ m_<m_=125Ge 1125 GeV=m_<m,
h <M h,= Mhy]

01..|.A,.|...,1....|..1..|....|....|.
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non-SM Higgs decay: H,,-—2h(a)—4~

arXiv:1510.06534
» Search for very light Higgs in NMSSM

g T
—h,, (CP-even), a, , (CP-odd) to a pair of t leptons
— H(1 25)—)h1h2 (8182)—>4‘C ( ) . ++
_ H(125) -
» Reconstruct u-track invar. mass (m,,m,) qy e --—--- « ¢
— SS dimuon sample (removes DY) by -
— bin in 2-dim distribution, fit signal and bkg ;
— QCD bkg from control region g _
* No excess over SM backgrounds
06— et 710 (8 TeV) 20 ] 19.7l fo' (8 TeV)
> CMS - o ' s  ae
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_g .. —e— Data E $$1 1
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arXiv:1511.03610

19.7 fb” (8 TeV)
b Rl LR LA R

: : ¢ [CMS " ] &
* Low mass Higgs in the NMSSM 3 10f o ArmessGen 1 3
. c [ -9 Observed c
» Low mass pseudo-scalar (a;—tt) in g Q- z
association with bbar: a,bb—tt bb N — +
. [ (] aco mutijet |
* Similar strategy to H—tr af (o unceraimy
« Search for a, masses below Z mass
* No evidence for signal pubslubfpam gl et
o m.. [GeV]
* Set limits: oxB~9-39 pb R eI
8 _[cCwms 1 8
E -==== A1t (M=35 GeV) E
c Observed c

D Z—1t

(s

- Electroweak

[] acp muttijet T

[] Bkg. uncertainty
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Low mass Higgs: a(—tt)bb

19.7 fb™' (8 TeV)
T e A (m=35 GeV)
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D Z—tt
2«
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[:] Bkg. uncertainty
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—$— Observed
Oz 5
D+ ]
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[:] Bkg. uncertainty ]
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Heavy Higgs: H—h ,sh,s, A>Zh s

arXiv:1410.2751, arXiv:1510.01181

« MSSM: Heavy Higgs searches ”
— Search for A—»Zh,,; and H—hh J
: : : : h 2%
» Exclusive search in multilepton and diphoton H L7 W
-------- <
+lepton channels . g
— Also bbrr (hh), or lltt (Zh) ; hos
— exclusive channels (leptons, taus, photons, Ny, etc) 4
=No excess in data, set limits 19.7 b (8 TeV)
-y SRR B BLELELELE SN B
[Process | SM QS 2HDM-I FC-2HDM MSSM | E 09 FCMS 23 observed 3
t>wy |37-106 75.10°  — —  2-10° = 0[5 2let-2tag = .
t— uZ 8-10717 1.1-10™* — — 2.10°° oud TF [ w:i:tes 3
t—>uH | 2-107"7 41.10° 55-10°° — 107 %I 07 F cho E
5 6-10% 75.10° ~10° <109 10-6 : tt ]
o e B e T T g oof == b oy
t—cH| 3-100% 41-10° 15-10°3 ~107 107 % 05 m,;= 300 GeV, tang=2 E

FCNC decays N
* Also search for tt—(bW)(ch) .

— Not forbidden but highly suppressed 0.1

— enhanced w/some parameter models 00 800 400 B30 800 700
* BR(t—cH)<0.56% (0.65%) @95%CL MLt (GeV)
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Heavy Higgs 10 hy,5h 05

arXiv:1509.04670, PRD 92(2015)092004

» Searches for resonant and non- g N
resonant Higgs pair production
 Neutral heavy Higgs: H—h,,5h 55 t/b 4 P
° H—)h125h125—>bb‘t‘t, YYWW, 4b, vab . \\\\ .
* No significant excess is observed
over SM bkg
70:----|----|----|----|----|----|----: g 102?"]'"'I""l""l'"‘-1I""l""l""lg
3 ATLAS (s =8TeV, 20.3 fb" ] = - ATLAS Vs=8TeV, 203 i
60 - § HT 7t €Thag ] i 10k e —o—Observed = oo bbtt exp .
50:— § Dat E = O Expected ~ ----- WWyy exp -
N —— Daia ] - e n
g . § 5 rop aquark ] % F I+ 1o expected —— bbyyexp |
o 40:_ N Bl 2—srrejots - EET\ 1 ?% ......... t 20 expected — — bbbb exp E
E 30: Others E > . .
§ - ”|Fake 1 - ° 1h I
w 20F & N systematics ] 10 = E
F L b\ []H(300) hh(10 pb) - - )
of ¢ X - hh—bbbb |
- S . 102 g_ l l_f
065" 300 400 800 700 800 900 300 400 500 600 700 800 900 1000
mbb‘t‘t [GeV] mH [GeV]
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Heavy resonance: WH final state

e Search for massive resonance W —-WH

 Distinctive features of BSM models, i.e.
composite/little Higgs, technicolor, etc.

 Lepton+jet final state
» Use jet substructure/btag for H—bb
 2.20 highest local S|gn|f|cance at 1.8TeV

o x B(W'—WH) [pb]

19 7 fb (8 TeV)

10— LANLE DL B BELE BN 3 %
ECMS —&— Observed E l:
-e+u combined S Expected = 1 s.d. . o

1= tmmmmeees Expected + 2 s.d. — ~
- HVT B(gv=3) = .Ig
[~ e LH ’ )
] I m
10" =
102 3
3l L [P I |
10 12 .
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™

18 2
My [TeV]
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CMS ¢ Data (ev) .Wﬂets §
—WHVTB(gv=3) [ Top :
10 [ uncentainty B wwwzzz =
1 E
- i
10" .
10° 0.8 1 12 14 16 1.8 2 22I24:
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Heavy Higgs to h,,:h,,; —tTbb

CMS-EXO-15-008, CMS-HIG-16-012, CMS-HIG-16-013

g _ h
et i 2.7fb' (13 TeV)
t/b A -:-(\ S 102-CMS bbur e Data
h . 8 preliminary channel [ tt
. -4 QCD
S it 10 Drell-Yan
g h & i Other bkg.
.§EI W bkg. ua%%egai\r;ty
— My = e
. _ i ° | —— m, = 450 GeV
Resonant and non-resonant production > 2300 Gev
. . © ofpp-» H) x BR (H-» hh) = 1
« High-mass resonant production 10" P
— H—h5h5—bbe 02
1
* h,,5 decay products nearly collinear
107

* boosted “single” merged jet (—bb)
* Use 1T, T, T, and T, final states 10
* sidebands/inverted isolation to determine bkg

* set limits on spin-0 resonance at 850-30fb for
M,=0.8-2.5 TeV

300 400 500 600 700 800 900 1000
mit [GeV]
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LFV Higgs decays

« Study er, eu final states

» Categories: N, lepton kinematics

* VBF with jets

« Main background from DY, ttbar, WW

« Upper limits on B(H—et)<0.7% and B(H—eu)<0.036% @95%CL

19.7 fb'1 (8TeV) CMS Preliminary

CMS-HIG-14-040

jets

19.7 16" (8 TeV) 19.7 flb‘ '. (8 Tev)
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T T T
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I ittt ] .
1400 B Other . ~ [ Expected = 1o | .,g 80} -~ LFV Higgs (B=0.1%) _|
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1200 —— LFV GGF H.iggs (B=100%)] 0.9‘:1 -10° (exp.) l l:] Ex ed = 20 Q
....... LFV VBF Higgs (B=100%) o o010 o) Lﬁ
1000

B N 60

inc2jet
3.016- 107 (exp.) -
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- = 40
VBF i
1.878- 10 (exp.) - .
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2]
8
III|III|IIIIIII|IIIIIII|11I|II
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20
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Exotic Higgs decays: h—aa—uutt

CMS-HIG-15-011

* h,,5: small width compared to its mass
Exotic decays with large BR possible
Study h—aa—uutr final state

— enhancement decays to down/up-type fermions for low/high tanf

— larger BR to taus than to muons

excellent yu mass resolution
Unbinned shape of m, distr.
(non-) irreducible background: ZZ—4l, Z/\W+jets, etc.

Signal Backgrounds Obs.
m, =20 GeV | m, = 60 GeV ZZ | Reducible | Total
UUTeTe 0.20£0.02 0.58+0.06 | 4.641+0.39 | 2.49+1.03 | 7.13£1.10 8
HUT Ty 0.58+0.08 1.42+0.16 | 0.10£0.01 | 1.70+0.74 | 1.80+0.74 2
UUTeTh 0.74+0.08 2.02+0.20 || 0.16+0.02 | 5.65+1.77 | 5.81+1.77 5
HUTu T 0.96+0.10 2.30+0.22 || 0.13+0.02 | 0.99+0.31 | 1.1240.31 1
HUTHTh 0.60+0.06 1.90+0.18 | 0.06+0.01 | 4.64+0.98 | 4.7010.98 3
Combined | 3.08+0.31 8.22+0.82 | 5.094+0.39 | 15.47+2.41 | 20.56+2.44 || 19
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Increased reach at 13 TeV

Min. bias A&,

- Predicted cross-section ratios
ZZ
Single t (sch.)
Single t (t-ch.)
W \
agH ' (o)., > (o)
VBF

VH 13 TeV with 2.2 fb-!

gl Ttg-l \ potentially more sensitive
(09 Tev) . than 8 TeV (19.8 fb-1)

@ (1.0 TeV)
gg (1.5 TeV) N\

ag (2.5 TeV) \
Z' ooy (2.0 TeV)

G* (3.0 TeV)
HSCP g (2.0 TeV) N\
W —tb (2.0 TeV) N
X5/3§5/3 (1.0 TeV)
Xg2Xss (1.5 TeV)

M, N
\
AN

‘,\\
\

13 TeV 8 TeV

1 10 107 10° 10*
O 13 Tev! Og Tev
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Summary

 Excellent consistency of SM but SM is incomplete
e Extensions foresee existence of additional bosons

» Searches for BSM bosons natural companion to
precision SM Higgs boson measurements
— Charged Higgs searches with top quark decays
— Other BSM searches show no indication of deviations

» Searches provide no hints for BSM yet
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FCNC decays: t—cH

arXiv:1410.2751, arXiv:1403.6293

> T~ [ rrrrrrrrrrrrrrrrrorr
P SM S 2HDM-IIIl FC-2HDM MSSM | 8 "°F ATLAS  ion 2 Qs iggescontinuum b
| TOCESS | - Q = = ‘ T b Hadronic Select m(s";‘”;;;:is:ﬁquumkg. : ° H -3 Ww. — EVEV,
t—>uy |37-1001 75.107° — — 2-10° | § I Contcen g E
t—-uZ | 8-1007 1.1-107* — — 210 | ¢ Jrazzosn’vszatev 3 e H— 11,
. -17 . -5 . -6 . -5 F Ldt= 47f", ve=7Tev 7 R .
t—-uH | 2-10 - 4.1-10 ; 5.5 106 ; 10 ; 8F J 3 e H 77" — ]]ge'vvgflegegl
t—cy | 46-10 7.5-10" ~ 10~ ~ 10~ 2-107 6 3
t—cZ 1-10°" 11-10% ~ 1077 ~10°10  2.10°° na : e H— 7.
t—>cH | 3-100% 41-10° 15-10° ~107 103 2] 3
Q0o 120 T30 140 150 360
m,, [GeV] CMS 19.5 b (8 TeV)
. . é : 4-leptons: OSSF1, off-Z, 1-tau, no b-jets o oaa T
* Not forbidden but highly suppressed s SEhme -
— enhanced w/some parameter models i = I
. [ I = B S B B R L AR 10:——+— Egﬁmggsmon_f
* Tree-level in BSM ° ATLAS 3 B | - BT
r f Ldt=203b", Vs =8 TeV] : o : |
« SM Higgs now a background Jrazsrwtiearrar]
107 3 0-30  30-50 50-100 >100 cev)
. E 7 E;nss( e
- ATLAS- H_)YY r i Higgs boson decay mode Olépper gmits 0161 g'i/(tcz) ch)
] = . S. XP. o range
— CMS: H—yy and multileptons gs| ~— Opserved | Tone s e
e e 1 O i W T 227 | 13 LI ot
H H - + . ombined multileptons *, 1T, 2Z* 28% 1.17% .85-1.73)%
 b-tag provides bkg suppression = | By =0z Ge 081% (8L
ol ol Combined multileptons + diphotons | 0.56% 0.65%  (0.46-0.94)%
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
Bt—-qH

BR(t—cH) (95%CL)

ATLAS obs(exp)
<0.79% (0.51%)

CMS
<0.56% (0.65%)
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Light pseudo-scalar: a—utu”

PRL 109,121801(2012)

* Low-energy SUSY

—solution to hierarchy problem

I
—provides DM candidate -5-.< u

—provides unification of gauge couplings g
* Predicted in NMSSM

—Expands MSSM: 3 CP-even scalars (h,, h,, h;), .
2 CP-o0dd (ay, a,), 2 charged (H%) oXBlpp—a—pp)

CMS \s = e i
—Add scalar singlet to MSSM family s Py
107 + Barrel Data =
 Large cross section: gg—a—u'w = — 7GeV Signal x10
s- —12 GeV Signal x10 ’
» Search for general light pseudo-scalar § 1o -
Higgs (a) near Y resonance N

B 7 8 9 10 11T 12 713 1a
mw[GeV]
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Constraints on a—u*u production

14

— Observed —— Observed CMS
= Expected = 10 12 == Expected = 1o
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Higgs and the SM

* SM is a successful theory

* Nothing prevents the SM to survive up to the Planck scale.
However, it is unnatural.

* Virtual particles in quantum loops contribute to the Higgs
mechanism
— Contributions grow with A (upper scale validity of the SM)
—Higgs mass depends quadratically on A: m?=m,? + g?A?

» Miraculous cancellations are needed to keep m,<1TeV

* |s there a symmetry that protects the Higgs mass from
receiving large corrections? Classicl

SM
I I I
I I L=~
| | / M
? = >|( + oL ixz
’
I I S
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Higgs and the SM (cont.)

* SUSY postulates a new symmetry between fermions and bosons

— Loops of particles and their SUSY partners have the ability to cancel the quadratic
divergences in the Higgs field self-couplings, solving the naturalness problem

— SUSY foresees unification of couplings at large energy scales ~10"° GeV
— Provides DM candidates (LSP)

* It suggests many options, but the LHC may not be able to find it

 # of experimental scenarios is large
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