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See also Jessie Shelton (Tuesday)
Supersymmetry
Baryogenesis
Dark Matter
Hierarchy
Flavour
Gravity

BSMH

Wide range of BSM predictions related to H boson and new scalar bosons
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Indirect H

H properties

See also Attilio Andreazza (Tuesday)

19.7fb" (8 TeV) + 5.1 fb" (7 TeV)
m, =125 GeV

Combined

u=1.00=0.14 CMS

H— yy (untagged)
H— yy (VBF tag) [ P, =084
H—yy (VH tag)
H— yy (itH tag)
H— ZZ (0/1-jet)
H— ZZ (2-jet)
H— WW (0/1-jet)
H— WW (VBF tag)
H— WW (VH tag)
H— WW (itH tag) —
H — @t (0/1-jet)
H— tt (VBF tag)
H— T (VH tag)
H — Tt (ttH tag) ]
H— bb (VH tag)
H—bb (ttHtag)| =,  =—
-4 -2

2 4 6
Best fit O'/O'SM

And consistent with JP = 0*

Indirect constraints

See also Lydia Brenner (Tuesday)

2HDM Type | ATLAS Preliminary

w— Obs. 95% CL
X Bestfit

= === Exp. 95% CL

— = SM

\s=7TeV,4.54.7 fb"
\s =8 TeV, 20.3 fb"'

o

IRKS
RS

K

008,
KK

V’V“ U
o
KK
0o

cos(p-a)

Weakest constraint: cos(f-a) > 0

Still some room for direct searches
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Direct searches

- Heavy H

» SM-like H: ZZ + WW + yy
- Di-H

> X>hh: WW + bb + 11 + yy

- Exotic decays
> Rare&LFV [see Hideki Okawal]

New scalar bosons:

- MSSM
- NMSSM
- 2HDMs

ala
125 GeV discovery

Exotic final states

> H->MET: invisible + pseudo-invisible

- 2HDMs & SUSY
»A>Zh & H>ZA: bb + 171
» Charged H*: tb + Tv + cs
»>MSSM @: bb + 11 + pp
> NMSSM light a: 17 + pp + yy

Couplings
to lighter fermions

> A full SUSY2015 week of BSM electroweak afternoon sessions!




CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.27%030 GMT
Run/Event: 195099 / 137440354

SM-like final states

T8
' ’ ZZ\WW|lyy
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ATLAS: PRL113(2014)171801

H 9 CMS: arXiv:1506.02301
W CMS HIG-14-037

See also Petra Merkel (Thursday) & Graham Cree (Friday)

- BSM mass ranges

% s P CMS Preliminary {s=8 TeV L=19.7b”
-
g ooof T+ Data % \/\/ A
> Low mass: 80-110 GeV S A A I W B T
E C o
. . g 107
> High mass: 150-850 GeV |é 8 F
__________________________ 20
102
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d | — 8TeV Obsarved
—-0.003 pb 2 30
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- Interpretation
»Spin-0 & spin-2 & 2HDM

- Model-independent scan
> My vs Ty




ATLAS-HIGG-2013-19
ATLAS-HIGG-2013-20

H->VV

> N WAL B B NN
8 103l ATLAS ——Data N LR AL AR RS RARRE RN RERRN R
O O G eTev,20atpt AT H 00 Gev é - ATLAS T lirexpected
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my; [GeV]

CMS upt0 5.1 b7 (7 TeV) + up to 197 fb” (8 TeV) CMS arXiv:1504.00936

—Obs., B, =0.0 -- Exp., B, =0.0 P

—Obs., B, =0.2 -- Exp., B, =0.2 A

—ODbS., Brgy =0.5 -~ EXp., Bpey =0.5 o Reinterpretation:
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Dark H

- H-> invisible
- H > light + dark P
- Mono-H + Dark Matter
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monojet category 19.7 6™ (8 TeV)
>
o CcMS —+ o
D M Q 10° Preliminary B 2 vwpiets
2 v vyiets
8 . -
See also Priscilla Pani (Monday) F10 ] oecons
B oco
. New Dark Matter SearCh 10 \Zl:l:r):::iatm.m =1TeV, m_ =10 GeV
. VBF+gg H - inv, m =125 GeV
> MOHO-Jet & mOnO-Vhad CMS PAS VH = inv, m =125 GeV
> Boosted & resolved EX0-12-055
107
102
EFT
) U e——
X Mediator: a . o= 1
more complete ol
q description '
Y pa 0 300 400 500 600 700 800 _ 9800 1000
q q E?ISS (GeV)

- Generic DM mediator models
> Vector & Axial & Scalar & Pseudo

> LHC ‘Dark Matter Forum’ [arXiv/1507.00966]




DM

- New Dark Matter search
» Mono-jet & mono-V, 4
» Boosted & resolved

See also CERN LPCC Seminar (Phil Harris) https://indico.cern.ch/event/388149/

CMS PAS EXO-12-055

19.7 o' (8 TeV)
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- Constrains (Mp,,,M,,.4) for V&A&S&P mediators

~ Also sensitive to V, .,H & ggH
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H->inv

H->inv interpretation

»Dark Matter in
H-portal models

Summary of direct LHC searches for H=2inv

BR(H->inv) &)
upper limits at 95%C.L. ATLAS A

ZH 75% (62%) 81% (83%)
arXiv/1402.3244 arXiv/1404.1344

V.. ,H (+ggH) 78% (86%) 53% (62%)
arxiv/1504.04324 CMS PAS EXO-12-055

VBF 28% (31%) 57% (40%)
ATLAS-CONF-2015-004 ¢ link to EPS CMS PAS HIG-14-038

New Atlas VBF+VH combination: H>inv < 25% (27%) fiink to EPS]



ATLAS-CONF-2015-001

H 9 i nV+V CMS arXiv:1507.00359

60

Production: ggH & VH & VBF S SN ]
_ . & 50 F \5=8Tev, 2030b" f
e Cf ‘
40 3
J J ' o 100 120 |
My, sp [GeV]

Atlas Trlgger CMS [data parklng ] A CIMISI rTr7r 717 1rrrrrTTTTrTTd l7f4lfbl'1 (ls;reIV)
ET(V) > 40 GeV ET(V) > 30 GeV % I M; > 100 GeV -
MET > 60 Gev MET > 25 Gev % 1035— —— 95% CL observed E
E_ ------ 95% CL expected ]

Model-specific interpretations = %““xpe‘*ed

= S 102 = + 20 expected

@ GMSB: h — GX° — GGy e =
: ~0:0 _, 00 : T

@ NMSSM: h — X5X7 — X7X77 ol S ]
@ NMSSM: h — %353 — 0x%vy ; B T
Model-independent results e B Thrshold [GaV]
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Mono-H

See also Florian Bernlochner (Tuesday)

- H(yy)*MET

~ pr(yy) > 90 GeV
> MET > 90 GeV

4,9

arXiv/1506.01081
- PRL

- Different interpretations

>EFT

» Simplified mediator models

- Constrains also low DM mass

~ Still statistically limited

H % 971+ L e B H e e e e e
4 LI I s ATLAS
...... .
2 B BestitBsM Higgs'S=8 TeV.fLdt =203
X 2 e SM Higgs H +E™ ,H—y, m,=125.4 GeV
6 —— Background fi
5
4
b 4
3
2
1 ¢
) e e T T T
110 120 130 140 150 160
m, [GeV]
mc‘ 104 T T LA LI | i =
2 1 Zyy, m=1TeV
=3 ATLAS
8 1 {s=8TeV [Ldt=20.3fb" .
H+E"™ H-y >
10 N
A OO ODDOODONODOYLGYy \\\\\\\1‘&‘\\\\\"‘i N
N e N O N N N NN NN NN N NNNNNNAN
Monojet (gl=1)
107
o \ E
10° NN
10-4 | L 1 TR | | il
1 10 107







2HDMs

Two complex Higgs doublets: @, ,
5 states: h, H (CP-even), H* (charged), A (CP-odd)

SM h =125 GeV
2HDM parameters

Masses M,;, vev ratio tanf = v,/v,, mixing angle a

Four types

Type I: all fermions couple to ®, [“fermiophobic”]

Type II: up-type ®,, down-type @, [“MSSVW”]

Type lll: quarks Type-I, leptons Type-ll [“lepton-specific”]
Type IV: quarks Type-Il, leptons Type-I| [“flipped”]

Coupling scale factor Type 1 Type 11 Lepton-specific Flipped
Ky sin(B — @) sin(B — a) sin(B — @) sin(B — @)
K cos(a)/sin(B) | cos(a)/sin(B) cos(a)/ sin(B) cos(a)/ sin(B)
Ky cos(a)/sin(B) | —sin(a@)/cos(B) | cos(a)/sin(B) | —sin(a)/cos(B)
K} cos(a)/sin(B) | —sin(a)/cos(B) | —sin(a)/cos(B) | cos(a)/sin(pB)
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A%Zh CMS arXiv/1504.04710

>
See also Matteo Bauce (Monday) PLB744(2015)163 o st
§ Top
: A%Z(I I)h(TT) g CTamas Ty Dmamore 10 = gfﬂ:«""
8 20f- $=8TV2030" ) 7700 oM zh E Eaty
~ Three 1T channels PR [ Fake o1 ackground 22 ncertainty

N Uncertainty ]
B m, = 340 GeV ]

A Zh ol g,/ T, T

- A Z(Il)h(bb) i
~ Two tags, M, constraint
- A>Z(vv)h(bb)
» Transverse mass

Data/SM

250 300 350 400 450 500 550 600
e (GeV]

mie [GeV]

% 'IIAI'rlLIIAlsIIIIIIAI Iz[hIIII3I°|°]GIIv|II'|IIIII_ &_ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
< —Zh m,=300 Ge S " ATLA A—Zh cos(B-1)=0.10 1 I t t t .
S ey MRS £ S Ziou el nterpretation:

102 0.3 fo " — Obs 95% CL [ +1c band —| 102_\S=8T_eV — 0bs 95% CL E=3+lc band _|

E e Exp 95% CL []+2c band - F 203fb" ... Exp 95% CL [—+2c band -

Doauses oy f Swiite, =772« Exclude small tanf
‘ - : ~ Type-lup to 5
10r ; ~ Type-ll up to 3

Coloaaly Lo bl w b by g n by 147
-08 -06 -04 02 0 02 04 06 08

220 240 260 280 300 320 340 360 380

cos(B-a) m, [GeV]
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A->Zh + H>hh

> Multi-lepton & lepton+photons [left]

»bbtt & lItTT [NEW!]

ms Ex

CMS 19.5 fb! (8 TeV)
m- L T T l l v v l T T T I T T T l T T T T
= [T AN AL S S
ol - i coomy=m,=300GeV o

—— Observed 95% CL limits
- wessss. Expected 95% CL limits

Expected =10
pected =2 o

ressrarssrnnnadrees R R

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

B

10"

PRD90(2014)112013
CMS PAS HIG-14-034

2HDM type-ll, m_=m, =300 GeV
95% CL Excluded:

[Jobserved [l = 1o Expected

CMS  H-hh—bbrr + A—Zh—lir 19.7 b (8 TeV)

10 T |

tanp

- N W s OO N ® ©

cos(p-a)=0

-
o

1.0

cos(p-a)

[>These combinations leave room for cos(B-a)->0 and large tanf
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1000 CMS Prelimina 19.8 fb'* (8eV) o =
H>ZA i
See also Roberto Castello (Monday) =4 E . e 10 :
n =3
H->Z(I)A(TT) : g
. - 10° g
- Invariant mass M_; g + 2
» Small background ] 102
-
Model-independent limits 8-
10
CMS PAS HIG-15-001
]
- 10 CMS Preliminary 19.8 fo' (8 TeV) --- + 10 Exp. Excl.
§ 2HDM type:II 1, Obs.Exel 1
M, = 350 GeV 200 400 600 800 1000 O
M; =150"GeV M, (GeV)
Obs. Excl.
- - Exp. Excl. . .
1 _ Wtsoma Interpretation in type-ll 2HDM
- Exclude in terms of
» (M, M)
» (cos(B-a),tanp)
10— agm
T o % st ~Sensitive for [cos(B-a),tanB]=[0,1]




CMS Preliminary

2HDM type-ll
=1.5; cos(f - «) =0.0

19.8 fb™ (8 TeV)

H->ZA excess

H->Z(I)A(bb)

1 IIIII|_|,| 1 IIIIII.I.L-
— —
o
S
/o
095% TH

llllIIIIIlllllllllllllllllllIIIIIIIII

=
Invariant masses (M,,,M,,) i 103§
More background §§N 8
. 8 10?
Larger b coupling Egl
Model-independent constraints g 10
8
Exclude larger (M,,M,,)
1
—Ops.Excl., ., | 1
400 600 800 1000 '©
M, (GeV)

Two excesses observed. (M,,,M,,,) = (93,286) GeV
1.6 o global (2.6 o local)
Run-1 - only covered by CMS

To be studied in Run-2 CMS PAS HIG-15-001



1A EXPERIMENT

Run 190872,Event 51447267
Time 2011-10-12, 12:09 CEST

P(T.) = 43 GeV

% D-(n) = 52 GeV
_ ™= 53 GeV
_— =390 GeV

GE—— e MMern-123GeV
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M SS M tanp=30 FeynHiggs+HDECAY

< ¥ 13
s bb
- MSSM: constrained Type-ll 2HDM 10'E— 3l
» Two main parameters: M, & tan T EEEEEERZ’
102E BR(A~ ) .
1. Neutral H il T
» Large tanf: Enhanced coupling to b&T f ?
2. Charged H:1v, tb 101002603(])0460560600;2802009001000
» Above/below mass threshold M [GeVl
. 1 ;
3. NMSSM: MSSM + singlet tb
~ Additional light pseudo-scalar sl
)
&
0.01 ¢
000, 5 T 400 500
Mpy: [GeV]
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MSSM: O->1T

See also Cecile Caillol (Thursday)
Event categorisation

- s —

& oo ATLAS.s=8TeV,[Lat=203" |  300-ATLAS,i5=8TeV, [Lat=1951"

S WHAST, T —e— Data 2012 ] - WVHAST o % —e— Data2012

- Tau decay modes S ewptocEy el g sngesy g — Do
.g = zzee/ur | - category B Multijet

S 1t & single top r ) Wostv + jets ]

> 7] Wijets & diboson ] 200+ B t&singletop |
7 T, TThads ThadThad & = Bl —

W\ Bkg. uncertainty | \\\\' Bkg. uncertainty

- B-jet categorization 5 :
» b-tags, b-vetoes ot

- Discriminating observable: M.,

200 250 300 350 00 100 200 300 400 500 600 700 800 9001000

%80£||l|||||I||||||||||||||||I|||||||||||||||||l: m¥MC [GeV1 m [GeV]
S L ATLAS Vs=8 TeV, [Ldt=195-2031" -
-MSSM my*** scenario, M, = 1 TeV, VH/A— 1t .
S ——— . : Interpretation JHEP11(2014)056
5oi "‘_""z?“"’“"’“" G - Production
: e E » Gluon fusion
3 - » b-associated
30- ° ks .
ok : E - Constrain large tanf
IR | | » For M, up to 1TeV
105, 4 D B -
R - Still unexcluded phase space
100 200 300 400 500 600 700 800 900 1000 , _
m, [GeV] » Compatible with M, =125 GeV
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arXiv:1506.08329

(D% bb ITT CMS PAS HIG-14-029

See also Sara Alderweireldt (Tuesday)

MSSM: bb/TT resonances

- @->bb : production with extra b’s
» Also sensitive to large tanf

- @271 also consider gg®

» Various scenarii: mhmax, mhmed, |ight-stop/stau, T-phobic, low-mass M,,

CMS, 19.7 fb-l (8 Tev) +49 fb-i (7 Tev) “« 60 “clMs' Prtlelln:lna.ry, |I'I,H,lA—:T\7,.19.T fb:‘ (BITe.V) +I4.9.fb-1l (7 TeV)
@ 60 o c 7
5 modr ; 8 ¢
© mp®* scenario L] |CLg(MSSM,SM)<0.05:
u=+200 GeV 50F
S m, % 125:3 GeV | [~ Observea
%
¥
40
v
Z
%
30F
Z
v
L
@~ Dbb 20F D211
95% CL limit v
..... Expected L MSSM m** scenario
I +10 expected | - 10 [ 7777, mySSM 2 125:3 GeV
+2 expected|
~— Observed
100 150 200 250 300 350 400 450 500 1000
m, [GeV] m, [GeV]
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See Geoffry Gille & Gourange Kole (Thursday)
Light: dominant H*>T1v
- M(H%) < 200 GeV

» tanB>2

» ttbar production

CMS-PAS-HIG-14-020
Atlas JHEP03 (2015) 088

tanp

— -« Median expected exclusion
- Opsarvad exclsion 95% CL

90 100 110 120 130 140 150 160
m. [GeV]

19.7 b7 (8 Te

O SR L R R B R RN OO0 A T

[ oo Expected median = 20
— %% mS™ . 125.3 GeV

30 100 110 120 130 140 150 160

m,. (GeV)
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[ ooserved exchsion 95% CL ATLAS -

See Geoffry Gille & Gourange Kole (Thursday)
Light: dominant H*>T1v
Heavy: dominant H*>tb

- M(H*) > 200 GeV

Ldt=195f" 2
\s=8 TeV ]
Data 2012 =
MSSM m™ scenario
— — - Median expected exclusion
[ ovserved exciusion 952 €L ]

90 100 110 120 130 140 150 160 220 240 260 280 300
m, [GeV] m, [GeV]

19.7 b7 (8 Te

|
|
|
|
|
|
&
+
tanp

PP “b)H.tH' - TV,
1,+jets final state

MSSM updated m{™*
~a- Observed

— - Observed +% (th.)
] Excluded

i Expected median =+ %
------ Expected median =+ 2c
i I‘n;““ « 1253 GeV

B ST LR I AR N %t

g

[ e Expected median = 20
— %% mS™ . 125.3 GeV

CMS-PAS-HIG-14-020
Atlas JHEP03 (2015) 088

10F

by

(1 1 | 1 | 1 .
100 110 120 130 140 150 160 200 250 300 350 400 450 500 550 600
m, (GeV) m,, (GeV)
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Light NMSSM

See also Kristina Looper & Francesca Ricci-Tam (Friday)

- h > aa > pprr

» Collimated boosted
final state objects

- h 2> aat+X 2> gupp+X
»0.25 <m, < 3.55 GeV
»90 <my, <150 GeV

- h+X 2> bb+X
» h part of cascade
~ 2 energetic jets
~large MET

~h - aa-> yyyy
» 300 <M, <900 GeV
~10 GeV <M, <M,/2

~ Search for light &
heavy resonances

CMS arXiv/1506.00424
ATLAS-HIGG-2014-02
CMS PAS HIG-14-030

> e . . b
2 | sRu amas —— Data 30 <m,,<100 GeV L
9 4 57 ! Vs=8TeV,203f"  —— Background Model _| z
S 154 _
N [ Fit Uncertainty =0
o H | s X1
%’ Ty o Z/y* Component g X2
o LIKN Nt i e iz
Q - tt Component P X?
w 104 * —

- . <0

- - tt a X; \l

. [

I Bloter 4 | 000 & TXmmmme--- \

s — BR(h—aa)=10% _| L

L q

3 b
— B J.
g1 oo | |
S 0 4 ¢ ¢
7]
Sroof Pl ¢

4 5 678910 20 30 40 50 60 - = =
i o5, | NEW Atlas-EXOT-2013-24
= T ] 5 IpTrTTT T e e
? 101 — Observed upper limit ATLAS Preliminary | Z — Observed upper limit ATLAS Preliminary
< F iE:oPeﬂed upper limit  h - aa — 4y E B~ ---- Expected upper limit H aa - 4y
T E +
g:)g [ O+20 my, =125 GeV ‘?T; , E;‘Z my, = 600 GeV
— L =10 3
8 \s=8TeV, 203 fb" z \s=8TeV, 203 b" i
g 10?2 e 125 GeV 95%c.L. upper limits E 'é 95% C.L. upper limits
= F m,, resonance search with | :t- m,, resonance search with |
X z m,-dependent width ¥ 102 m,-dependent width =
bIt: o =
6

10

L1

=3x1074- =4x107*

10°

M,, = 600 GeV

BT S TY NS PR FETN TN FUTY FUTY U FURY FORY PUEY |
20 40 60 80 100120 140 160 180 200 220 240
m, [GeV]

Rich program of searches for light scalar bosons




Tristan du Pree (CERN), SUSY (29 Aug 2015)

SUSY combined CERN.PH.EP.2015151

- Direct+indirect tightly constrain hMSSM at low mass

s ©bs., h couplings [xy, x,, K4 [ Obs., H- ZZ- 41, Il qq/bb/vv

------- Exp. oo Exp.
[ Obs., AH-= [ Obs.,H> WW- Iv qq/iv
........ Exp.
....... Exp'
] Obs., A Zh-> llw bb — g::_" o w
....... Exp.
Q. C '_.J - 4 I 1 I 1 l_
S 40f - Large tan
Zg ] = Fermionic
____________________ Small tang
" ATLAS Preliminary =» Bosonic
(=7 TeV, 4547 o' 1 M, =2 2xM,
Vs=8 TeV, 19.5-20.3 fo'- 9 Ind i rect
hMSSM, 95% CL limits |

1 1 1 1 L 1 1 L 1 L 1 1
200 250 300 350 400 450 500
m, [GeV]

~Room for high mass and alternative interpretations
~ Weakest constraints from direct searches at intermediate tanf
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CMS-PAS-HIG-13-032
X% h h arXiv/1503.04114
PRL114(2015)081802
: . L —
Motivation £k ATLAS E
1? 3 Jin=20matE=8Tev ]
1. Prepare long-term SM hh z % e ot
: I 2 o Bpeciedlimita2s 3
» HL-LHC: test self coupling 5 oef i, ool
2. Search X->hh resonances 2 E
. 1.5;— —;
~ bbyy, bb1t, bbbb,multilepton, I+y £ 3
E P L N T N |
0-5=="%30 350 200 450 500
my [GeV]
Results O T L L
1_ Intermedlate mass Assumes St Higgs BR CMS-PAS-HIG-14-013 (bbbb) - spin-2
10* oo - RSTKK-gravitony WED: gg-» X, kL=35, kilt,=2 "
~ Atlas excess: 2.4c [global!] 1 e ok raon Y2 35 o

- Observed
=== Expected

2. High mass - boosted

» Interpretation:
warped extra dimensions

18 NP R S N
00 400 600 800 1

95% CL limit on o(pp— X" — HH) (fb)
2

[ | 1 —

1200 1400
m"4(GeV)
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Phase-2

See also Adrian Perieanu (Thursday)

ATLAS SimJlation'Pr;alit{mlinary o ) X ATLAS Simulation Preliminary
- H-boson beyond Runli 1;L,Hn. oy g }:j =14 ToV: [Le-a00 ;L2000 "
> - h—1t, h-bb, h—pup, h—»2Zy - T
i W ] cludes
» HL-LHC: 3000 fb-" at 14TeV 1071} e e oS X 4 et oo
= BR,=0 3
: b . ]
10%E = \sotaTev I e E
»Standard Model: HH : T fuesoonwt 4 TR |
. 10° n . —[Ldt=30001" = || Hwzy
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@ CMS

Conclusions TLA

EXPERIMENT

H related to various BSM
Motivate search for non-standard scalar bosons

Various final states
SM-like: ZZ,WW,yy & BSM couplings: b,T,u,etc

Various searches
Light+heavy+charged scalars & exotic decays & indirect

Various interpretations
Singlet, MSSM, NMSSM, 2HDM & model independent limits

Run-1 has provided tight constraints
Run-2 will allow to enter uncovered parameter space!



It’s time for...

ATLAS

EXPERIMENT

Run Number: 266904, Event Number: 25884805

Date: 2015-06-03 13:41:54 CEST

CMS

N
LW
CMS Experiment at the LHC, CERN

Data recorded: 2015-Jun-03 08:48:32.279552 GMT
Run / Event / LS: 246908 / 77874559 / 86

...LHC Run-2!
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https://indico.cern.ch/event/331032/session/5/?slotld=5#20150829




Motivation in 2014

After the discovery of the 125 GeV boson...
search for BSM processes in the scalar sector
Precision studies of properties

Couplings: production & decays
CMS-HIG-13-005, see presentation by Linda Finco

Rare decays: Zy, v*y, yu
Invisible decays: Dark Matter
Direct searches for extended scalar sector

Extra singlets/doublets
2HDMs
MSSM
NMSSM

Interplay between direct & indirect searches
Today’s focus: recent results on direct searches



H>Z2Zy

Rare decay
Small BR in SM: 0.1%

Loops: sensitive to
undiscovered processes
E.g. composite Higgs

CMS (s=7TeV,L=5fb' \s=8TeV,L=19.6fb"
1600 —e— Data H=Zy
La00F- — Background Model
C — Signal m = 125 GeV x 75
S 1200
8 C
o~ 1000 —
~ C
8 800
c C
g -
& 600 -
400 F

200

oo "T10 120 130 140 150 160 170 180 190
m,, (GeV)

Phys.Lett.B726(2013)587

/4 Z
W },

7+8 TeV (24.6 fb)

Search in Z(ee)+y

and Z(up)+y final states
5 event cat’s (jets, leptons, photon)
Use invariant mass m;,

Exclusion limit at 125 GeV
Observed: >9.5 x BRg @95%CL
Expected: >10 x BRgy,
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H2>Y*'Y2>uuy

- Rare Dalitz decay

- Various contributions to same
final state

- Sensitive to e.g.
new resonances

- Selection w.r.t. Zy: m, <20 GeV

CMS-HIG-14-003

CMS Preliminary ys =8 TeV,L=19.7 fb A Hoy*y—-pupy

L B L L L L L B L L L B L L L LB N R
% 60 :
O Background Model ]
g 50 T
B Expected signal x10 [
GC) 40— .
> N ]
L - ]
30— —
20— —
T +
?10 120 130 140 150 160 170

m,,., (GeV)

Z /[~

He o o -

H_ - o~ -

Heco -

8 TeV (19.7 tb-1)
- Use invariant ma

- Limit at 125 GeV
» Exclude >11 (7)

SS Myuy

X BRg); @95%CL




H->xX

Direct search for invisible decays

Exploit associated production
in VBF and VH final states

3 1 0-1 '7'& T T T T T T T T I T T T L
'\ Combination of VBF and
.2‘_ 1 0—2 //// ZH, H — invisible CMS
= . 3 //// \5=8.0TeV, L= 18.9-19.7 fb' (VBF+ZH)
B 107 E \\ Vs=7.0TeV, L=4.9 b (ZH) B(H—» inv) <0.51 @ 90% CL
-4 // my, =125 GeV
c 10 \\\ %
-5 : A
S 10°F '\
O 6 | ey,
@ 10%F -\ N\
n 7 ANEAN
S 10° N T ==
9 ------------ '“\---\'_\— —— =
o 10°° —rr— . A — T [ CRESSTw
mmpmmmmmmmm T T [ CRESST 20
c 10 fermion .-~ < —— - XENON100(2012)
o 1 0 e e XENON10(2011)
o HE ez T tor e ST
,,,,,, --- B CoGeNT(2013)/80%CL
g 10 =" — lattice [0 CoGeNT(2013)/98%CL
c 42 =7 ) CDMS{2013)/95%CL
- 10",  mee Max COUPP(2012)
E 1 ] | —— .« LUX(90%CL)
O 1 0 1 1 1Ll 1.1 O | L

10? 10
DM Mass M, [GeV]

3

CMS-HIG-13-030

cz°
2° ‘ q—’—/

'___H:<X

‘ + g JW, Z
5 N X

Limits on BR,,

Combine searches

VBF, Z(I)H, Z(bb)H
Direct exclusion limit:
BR;,,, > 58% (46%)

Indirect (width): > 52% (56%)

CMS-HIG-13-005

Interpret as DM limits
Higgs-portal models

Scalar, vector, fermion DM
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Events/1.0 GeV/c?

CMS Prel

liminary  Analysis A: 0,1-Jet Tight BB

900 -

|||§|||

Vs = 8TeV —e—paa
L=19.7 fb’

—— SM Higgsx20

— Background Model

h->uy

CMS-HIG-13-007

. %2/INDF: 1.02

120

130 140 150
M(up) [GeV/c?]

PROPERTIES=>SEARCHES

Candidates/2 [GeV/c?]

70

10?

2x10?

CMS Preliminary 2011

B A%/R%/n°: it
m,.=150GeV/c’ tanB=30

T*/2°S1'L (e, 1, 1)

[ K33

[ K

[ t: t-channel

[ t: s-channel

N =20
EEE13
'

=z | doupu

CMS-HIG-12-033

3

10°,
M., [GeV/c"]
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CMS-HIG-13-014

Singlet

SM+EW singlet field Rescale light h couplings:
- Mixing 2 heavy Higgs with e T XBRe
SM Higgs-like couplings " (05 X BRp)sy
Heavy H:
popmmm ey = C2(1 - BRy o)
\* :(s;?:,_o >C 2= 1 = “h
o® | —Guos ) » unitarity
I ——C'=0.4
- R 10— C'=0.2
5 Results
»Exclude SM-like heavy Higgs
up to 1 TeV
» With H>ZZ->llvv alone
~Exclude large C’
orbebm e L L L) ~ Assuming BR,,, =0
v H.;; boso,,w,:,ass [c;:?}] ~Room left for smaller C’
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Singlet

SM+EW singlet field

- Mixing = heavy Higgs with
SM Higgs-like couplings

0.5

0.4

0.3

0.2

0.1

CMS preliminary, ys=7 TeV [ L= 5.0fb™", ys=8 TeV [ L= 19.6fb"

CMS-HIG-13-014

Rescale light h couplings:

Illllllllllllllllllllll

v

IIIIIIIIIIIIIIIIIIIII

— Expected + 26 % Expected Observed
1 1 I 1 1 1 | 1 1

I

— 400 | 600 800 I1000
Higgs boson mass [GeV]

op X BR/,
Hh= = C?
(op X BRh)SM

Heavy H:
My = C2(1 - BRy ew)
»C?%2=1-p,

» unitarity
Results
»Exclude SM-like heavy Higgs

up to 1 TeV

» With H>ZZ~->llvv alone

~Exclude large C’
» Assuming BR_.,=0

new

»Room left for smaller C’



2HDMs

Effective theory with two complex scalar doublets

5 physical scalar fields after EWSB
3 neutral: h, H (CP-even), A (CP-odd)
2 charged: H*

Couplings described by 2 mixing angles

tanf = v,/v,

a mixing angle h/H

Coupling strength Type | Type 11
Ky sin(ff — @) sin(fg — «)
Ky cos(a)/ sin(B) | cos(a)/ sin(f)
Kd cos(a)/ sin(f3) | —sin(a)/ cos(p)
K} cos(a)/ sin(f) | —sin(a)/ cos(p)

> Type 1
®, coupledto V, @, to f

> Type 2
®, coupled to u-type,
®, to d-type quarks

Using measurements of h(125), indirect limits can already be set
See e.g. ATLAS-CONF-2014-010
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CMS-HIG-13-025

H->hh & A->Zh

H—hh final states

h—WW* | h—ZZ" |h—77 | h—bb| h—~y
- Direct 2HDM searches v/ IR VA A B
h—r71r - - v X v
h — bb X X
> Hehh (2mh<mH<2mt) h — vy - X
»A-2>Zh (m +m,<m,<2m,) A—Zh final states
. - | h—WW* [ h—ZZ" [h—717 | h =77 |
- Various final states 7= v T T
Z — qq X v X X
~ Leptons/photons/etc Zow] X v X X
CMS Preliminary Vs=8TeV, f Ldt=19.5fb" 18 CMS Preliminary (s=8TeV,L=19.5fb"
2 LYY IO Iy T TR YR P a - i T ! T i T ' T ’ ! l T T T I i T T -
E. 0 Tvlpg I 2I-|DM‘ ﬁ- - i multilepton chann. ]
= ~H->hh &A-Zh R 18f ; gg—>H-hh 7
.......... . m,,=m‘=900 GeV m 14 | H gﬂeocb.gércvg le“s__
" 95% C.L. CLsLimits 1 expecing ;
— Observed - m== expected 10 |
12 A expected 20

10 5 :
8- :

10" f—t——t o I R R R B
06 -0.4 0.2 0 0.2 0.4 0.6 0360 280 300 320 340 360

cos(-a) m,, [GeV]

~Direct constraints on 2HDMS of Type | and Type |l
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CMS-HIG-13-025

H->hh & A->Zh

H—hh final states

h—=WW* | h—ZZ" |h—77 | h—bb | h—~y
- Direct 2HDM searches e [ [ X | Y
h—711 - - v X
h — bb - - - X
»H->hh @2m,<m,<2m,) it I o e é
»A-2>Zh (m +m,<m,<2m,) A—Zh final states
. - | h—WW* [ h—ZZ" [h—717 | h =77 |
- Various final states 70 ¢ A B I
Z — qq X v X X
~ Leptons/photons/etc Zow] X v X X
CMS Preliminary Vs=8TeV, fL dt =19.5 fb" wCMS Preliminary (s=8TeV,L=19.5fb"
2 T ELITIED COEG INE ey T TR NPT P a - i T ! ! i T ' T ’ ! l T ’ T I i T T -
E' 0 TYIPE 1 2|-|on‘ ﬁ' - i multilepton chann. ]
= SO——— H-» hh & A—Zh % 6 ; gg— H— hh ]
@ b » 95% C.L. CLs Limits |
14 — Observed ]
e expected
12} o bected 20
10F .
8- 1
6
4
o' 1 R BT R :-n.|--l.....,..|‘
0.6 -0.4 -0.2 0 0.2 0.4 0.6 0 260 280 300 320 340 360
cos(p-a) m,, [GeV]

~Direct constraints on 2HDMS of Type | and Type |l



Tristan du Pree (CERN), SUSY (29 Aug 2015)

X% h(W)h(bb) NEW CMS-HIG-13-032

CMS Preliminary Simulation Vs =8 TeV CMS Preliminary Simulation ys =8 TeV
Search hh resonance T T
> Y Y
K - S M, = 300 GeV 8 F S e [ M, = 300 GeV
— 1260.11001 GeV S oot e sef | b
o = e £ O |l - s F e Wm
m, = [260, ] Ge e || || E 0 i
u— E o E
> 2 Y E 04f E 04f :--:
§ oaf '% 03F
. N S I
~ 112 b-tagged jets "o £ o
1 1 0-13 0.13 .
- Public since Monday! : : e
% '1«10‘ ‘1éo' ‘11;0' ' 17|o‘ 0 ° 1000 j200
m,, (GeV) mvg‘ﬂ (GeV)

»See presentation by M.Gouzevitch for details on photon reconstruction



X->h(yy)h(bb)

Search hh resonance
my = [260,1100] GeV

2y
1/2 b-tagged jets

Public since Monday!

CMS Preliminary L=19.7fb ' yYs=8TeV
— o L L LS LN LA RARRS LAR LA™
> 8:_x—>HH—>yybG ~4-Data E
(0] r . . — Fit m
) JE Medium purity Fit:20 E
= . Fitz1o ]
g 6L =
2 s my > 400 GeV E
e 4 .
L r ]

3 =

2 =

Pl - L | | N
600 700 800 900 1000 1100 1200

mith;i (GeV)

il Bl ol ks
400 500

Events/ (1 GeV)

NEW CMS-HIG-13-032

CMS Preliminary Simulation Vs =8 TeV CMS Preliminary Simulation Vs =8 TeV
> 07 } X — HH — Iy Signal shapes > 071 X = HH — bB Signal shapes
8 F yybbo T M, =300 GeV 8 F - ybb o T M, =300 GeV
~ o8l 1 wonsnsnis My = 500 GeV D M, =500 GeV
> r I R M, = 700 GeV N R T R PYPTOTS M, =700 GeV
‘E o I, [ M, = 1000 GeV @ E e M, = 1000 GeV
[ 0.5~ I standard model Higgs $ 05k I standard model Higgs
C [ £
».2 C [ 04 C
0.4 ‘5 04—
s F g £
B 0af £ o3f
0.3 S 03
S UF 8§ L
w F w F
02— 02—
0.1 0.1 :
E E : o .
C 1 1 1 1 oL T e e |
Qoo 110 120 130 140 150 160 170 180 200 400 600 800 1000 :5‘00
m,, (GeV) mi (GeV)

CMS Preliminary L=19.7fb" Ys=8TeV
20:|IIIII|Il||||III:IIIIII'IIII'IIII'IIII:
18:_x—)HH—)"{'Ybb _IT:_=D2:‘:GeV _:
16[-Medium purity . =

L it = o -1
143_ Fit1o _f
12 =

i mx< 400 GeV B
10p —
8 =
6 =
4 =
2 * l l—:

TR I e 3
100 110 120 130 140 150 160 170 180

m,, (GeV)

Fits
Polynom. background
m(yyjj)
m,>400 GeV
Kinematic fit

m(yy)
my<400 GeV




X->h(yy)h(bb)

NEW CMS-HIG-13-032

CMS Preliminary Simulation Vs =8 TeV CMS Preliminary Simulation Vs =8 TeV
Search hh resonance L oE X [ CoE X [
S oof i e g oo R
my = [260,1100] GeV ey e i.b S
. E’ - E -standardmodel Higgs % . E -s!andardmodelﬂlggs
- O 04 v 04
2y & 1/2 b-tagged jets 3
- u - S Uk S “r
>400GeV: kinematic fit 3
L . ) f 0.15—
Public since Monday! ; N
Qoo 110 120 130 110 15|0 1e|o 17|0 180 200 400 600 800 1000 J200
m,, (GeV) mkn (GeV)
CMS Preliminary L=19.7 fb' Vs=8TeV

§ - WED: kl = 35, k/Mpl = 0.1, elementary top, no r/H mixing
5 .| — radion (Ag = 3 TeV) ---@--- Observed 95% upper limit
S 10 —radion (Ag=1TeV) Expected 95% upper limit
> - ---- RS1 KK-graviton Expected limit + 1o
1} - --+~ Bulk KK-graviton Expected limit = 2 o
% 10
1} - 'g".
X R
i 1 ¢
m =
x -
o C
107
1} g
aQ -
o I . .
o10-2 1"'1]ll|lilJllIl:‘l"l..lIlllllllllllllllllllllllll
300 400 500 600 700 800 900 1000 1100

my (GeV)

Spin hypothesis
Test spin-0 and spin-2 models
Selection minimally sensitive
Limits
Warped extra dimensions

Radion scale Ay =1 TeV

Radion mass exclusion:
M, <970 GeV




Tristan du Pree (CERN), SUSY (29 Aug 2015)

X->h(yy)h(bb)

Search hh resonance

- my = [260,1100] GeV
~2Yy & 2 b-tagged jets
»>400GeV: kinematic fit

- Public since a week!

o(pp — X) x BR(X — HH — yybb) (fb)

CMS Preliminary

L=19.7 fb' Vs=8TeV

— radion (Ag = 3 TeV)

WED: kI = 35, k/Mpl = 0.1, elementary top, no r/H mixing

---e--- Observed 95% upper limit
Expected 95% upper limit

[0 Expected limit = 10
Expected limit = 2 ¢

102 = — radion (A =1 TeV)
- ---» RS1 KK-graviton
B ---- Bulk KK-graviton
10

NEW CMS-HIG-13-032
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T Illl[lll T IIIIIIII T IIIIIIII
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o
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1100
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Plan:

»2HDM interpretation
> H>h(yy)h(bb)

»Example: (N)MSSM

olgg-hy] x BR[h2-hh] (pb)

10
08F
06
04F

02

\/s— = 8 TeV, maximal values of o x BRun

\ - = - BRyp=100%

\
\ — —
\ Vs=3V
\ oy _!
\\ = s=3
\ —— V=2V, A=75 GeV, A=1.2
\ 4
\
\ Buttazzo, Sala, Tesi, et al

\ | arXiv:1304.3670

0 1 1 1 —m dn —
300 400 500 600 700 800 900 1000

my (GeV)
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MSSM

- MSSM scalar sector
» A particular 2HDM Type Il model
~Phenomenology described in tanf3 vs m,

- Indirect exclusion from h(125) on m,
»Simplified MSSM (arXiv:1305.2172)
- Direct searches

> Neutral scalars
~Charged Higgses
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®->bb and ®—>up

Various direct MSSM searches

- ®>bb and >y
» Possibly with b’s in final state

CMS-HIG-12-033 CMS-HIG-12-033
m- 100 T I T T T T I T T T T I T T T T I T — _1 v— -
=] T 100 CMS 2011, L=2.7-4.8fb", \s =7 TeV
3 90 Combined Cat.1/2/3 % '
\'s=7TeV . ) © 90
80 Mawm s (in Ssopario = 95% CL Exclusion Regions
Run2011 [L™ 4.96fb eg
70f- (BRI Ceseceat it 80 ) obserse
2000 exiected limit = lo 70 \ N\ Ny Medlan expected
60 {0775 expected limit = 20 I 1o expected range
60 . 20 expected range |
50 LTy [ revatron
50 : [Jier
40 40 T
30 30 . .
10 ' MSSM m["™ scenario ]
10 : u = -200 GeV ;
L 1 11 1 11 1 IL 11 1 L I T 11 1
ob L 000 150 200 250 300 350
m,, [GeV/c?] M, [GeV]
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CMS-HIG-13-021

P17

- Direct search for MSSM t.b, by e b H, A
neutral Higgs with ®-> 171 g

- m,<140 GeV almost excluded

> ®->11+ LEP |
h/H/A f h/H/A
CMS Preliminary, H—m: 49 fb at7 TeV 19 7 fb at 8 TeV b 2 Wi b
g MSSM my scenario Msusv =1TeV
ot

- Split b-tag multiplicity

» Model-independent limits:

CMSPrsIImI ryHﬂttL 197fb tBTV

10 - . .
o 95% CL Excluded: | =250 GeV 95/ CL
— observed i I - 68% CL ]
— SM H injected H 03+ o Best fit .
—— expected i 1

| |+ 1o expected H
+ 20 expected
I LEP

o(gg—bbd)xBR(t1) [pb]

1000 0. . 0.2 0.3 0-.4
m, [GeV] 5(gg—>0)}BR(x7) [pb]

200 300 400
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CMS-HIG-11-019

Ns=7TeV, 4.9 fb"' CMS Preliminary
+ \Ne"n , e T T T T T T T T
MSSM H*->1v %2500:——ﬁ(WW+WH*+H+H') | o
: . T [ WW (i > WHW D) ]
my, < m ttbar decay P2000- s .
» tt=>HbWb L @ ) ]
. + + o Qr] 1500__ocrhfinal state
H*->T1*v significant 120 Gev
» Also for small tan3 100 ]
- Combining various channels Ny
~ Fully hadronic, e-tau, e-mu ,,,,,, -
) 77 — hadrons 00'. et '0r2 O.I 4' I0[6 """""" AO_IS‘ ' 1
. R B(t > H'b)
+ o | b T
T = {TUryy ¢
ek L ? Limits (4.9fb' @ 7TeV)
_‘\ /
" / - BR(t>H*b) > 2-4 %

» 80 <my <160 GeV
» Assuming BR(H*>1v=1)
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NMSSM

CMS-HIG-13-010

CMS Prelim. 2012

ls=8TeV L, =20.65fb"

C I NMSSM 95% CL Limits: "

v M, = 3.55 GeV/c? .
— m, =2 GeV/c? —
—e-m, =0.25 GeV/c? 1

Illllll

Predlctlon with o(pp — h‘) GSM(m )
o(pp = h ) X B(h —2a,) =0, __
B(h1 > 2a1) = 0.8% ]
and B(a1 -2u)=7.7%

indirect b
exclusion i
from h(1 25)

llllll

llIIl
90

100

110 120 130 140 150

m, [GeV/c?]

- Most recent search: h, ,2a;a;2>4u

»Limits on various BSM models

- Beyond MSSM: NMSSM a3
~ Additional gauge singlet =
: N 25
- Further extend Higgs sector 1
» Additional CP-even & CP-odd o 2
- Larger phenomenology =
» Neutral scalars with m<125 q
not excluded in NMSSM T
CMS Prelim. 2012 Vs=8TeV L, =20.65fb" : -C'-OS
1) 140:_ | | | I I | l: T .
= | ] / 8
& 1200 - @ - 5
0w [ 1) e <.
Q100 ] ar >~ e
S ] \
e .
x [ 1 v
o 60r ]
c s i
S 40 ]
L : i
20} > 2m,<m_<2m,
I R W R B T S Y
my, (i=1,2) [GeV/c?]
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CMS-FTR-13-024

Prospects

- Outlook beyond Runll
» 3000 fb-' at 14TeV

- Direct searches
> H>ZZ, A>Zh, ...

- Cover regions of phasespace not excluded by
indirect constraints

CMS Simulation 2013 Vs =14 TeV  L=3000 fb~" CMS Simulation 2013 /s =14 TeV  L=3000 fb~"
100 3 100f - - Y - :
i i \
10+ ]

tan(s)
wn

1 _mA =300 GeV

™~

Typel ll

—95% CL exclusion —05% CL exclusion

— 50 Significance - — 50 Significance

1 Allowed (couplings) my = 300 GeV I Allowed (couplings)
-06 -04 -02 0.0 0.2 0.4 0.6 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

cos(f-a) cos(f—-a)
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Conclusions in 2014

- After h(125) discovery

~ Now entering domain of precision physics
»~ No deviation from SM expectations
~ Indirect constraints of BSM phase space

- Variety of direct searches being conducted

~ Rare decays, invisible decays,

2HDM, (N)MSSM, etc..
- Plan: further extend scope
of direct BSM searches in scalar sector
~ Probe uncovered phasespace

Events/2.0 GeV

150 160 __ 170
m,,, (GeV)

Events / (10 GeV )
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Hierarchy sketches

/M (Gev) 4 / M(GeV)

>300 H:A >300 H0
Ho
125 h 125 h
A
0 / \ 0
1. Usual hierarchy 2. Alternative: inverted hierarchy
- Example: MSSM - From “A Twisted Custodial Symmetry

in the Two-Higgs-Doublet Model”
» http://arxiv.org/abs/hep-ph/0703051

- Ongoing CMS search for A>Zh ' L;gl\:t_lzselédf\)/szﬂgrsﬁ
» Final state: A=>Z(I)h(bb) A few GeV ( ) or more

with 125 GeV h=->bb » Possibility: H>ZA

- SM-like Higgs boson lightest
» Heavy susy Higgses
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i2HDM constraints:
1. My> 300 GeV

> My~M,,,

» H* limits
2. My>95 GeV

» MSSM-like

» Avoid in iIM2HDM
Practical constraints:
- M,y> 10 GeV

- A>2b,A>21

- Red analyses
already in CMS

M, (GeV) |1 I
| iM2HDM,
1 boosted;

“general
2HDM”

300

“MSSM”

A->Zh

125

0 125 1000
M, (GeV)



Recent constraints

Examples. NB: these papers use the

MSSM-like constraint from LEP
M, > 95 GeV

Even then still much room remaining

Also with inverted hierarchy

1000

800

Aty
% 250 500 750 1000
mfdf/ myg [GCV]

125 200 275 350 425
My (GeV)

Top plot (tanp=1) favors
Heavy M, (~400 GeV)
Lighter M, (95-400 GeV)
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Limits & couplings

- Recent limits

tanﬂ:

125 200 275 350 425
My (GeV)

This plot (tanp=1) favors
~ Heavy M, (~400 GeV)
~ Lighter M, (95-400 GeV)

- BRs

tan B = 1.0, My = 380 GeV

e e L B e e e B S e B e e e e e e

tt

Branching Ratios

100 150 200 250 300 350 400 450
My[GeV]

If M, small > dominant decays:
~ A->bb

> ADTT
» H2>Z(IDA(bb) and H>Z(I)A(1T)
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e s ATLAS-HIGG-2013-19
1 ATLAS-HIGG-2013-20

95% CL limit on ofcg,,

H->VV

10/2 L 1 L L = H-2Z 4
200 400 600 800 f000 200 400 600 800 1000

m, [GeV] m, [GeV]
H->ZZ (4 channels) Arias T ew 7Yz o
4 /s =8 TeV, 20.3 fb" D?éghxf obs. limit ,% ? TLAS o emeced
I " H—Z2Z-liqq tagged ~ EEZ+ 10F Vs=8Tev,203%" "~ 3
y qq’ ”VV, quv -Z:bl N . Ilvve)‘(pected 3
S : | o
Discrimination et &g —¥d -
----- Pre-fit background XLL F 3
4-object mass o’
S 107k
M- (neutrinos) E
X
n =, = g n 10—2 - ggF
|nterpretatlon' 2HDM 8 T % @k HoZZl v lag ag
- o 2 R R R R T T T N T
: 2 LA - 200 300 400 500 600 700 800 900100
NarrOW W|dth 8 2007200 600 800 1000 1200 1400 m, [GeV]

m,. [GeV]

T H>WW: (2 channels)
L HoWW, NWA e EXp.
10_ Vs =8 TeV JLdt =20.3 o' %3‘; |qu, Ivlv

1 ggF production D iSCI'i m i n ati on
Mass definition

95% CL Limit on & x BR(H — WW) [pb]

10'1;—
o2k Limits
10_35 Narrow width

400 600 800 1000 1200 1400 : :
m, [GeV] SM-like width
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H-ovyy

- Interpretations

http://arxiv.org/pdf/1506.02301v1.pdf

&l al
-~ 5 19.7 fb (8 TeV) - 5 ; . . 19.7;fb (8 TeV)
g [CMs Type | 2HDM; A - y ¥ g [[CMs Type | 2HDM; A v ¥
had R m, =200 GeV; m, = 200 GeV hae m, = 300 GeV; m, = 300 GeV
B Observed I Observed
4 4
R R NLO expected HE e NLO expected
- £ NLO expected: 1o I {55 NLO expected= 1o
e NLO expected+2¢ i ] S S NLO expected= 2 ¢
2 -
P P PR PP B B P I L T .
Y04 -0.2 0 0.2 04 -0.3 -0.2 -01 0 0.1 0.2 0.3
cos(B-a) cos(B-a)

Figure 10: Observed and expected 95% CL exclusion regions for gluon-fusion production of a
heavy Higgs boson A of mass 200 GeV (left) and 300 GeV (right) in the tan B versus cos(B — a)

plane for the Type I 2HDM, assuming the Hboson to be degenerate in mass with A. The regions
below the curves are excluded.
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H*>W*Z

- Loop vs tree
~ Higgs Triplet: tree level
~ 2HDM: loop level

- H* reconstructed: M
» Initial state: VBF

llgq

~ Final state: W->qq, Z>ee,uu

LI B L L L R L B R L R R
—o— Data

ATLAS 4 B H ->W*Z-qqll

{s=8TeV,20.3fb m,,. = 400 GeV

H >W-Z-qqll [ Z+jets

o xBR=1pb ] Multijet

[ diboson

Ctt

EZZ2 Uncertainty

--- Pre-fit background

Events/ GeV
5 <

—_
o

Data/Pred

Okt .\ ..
200 300

i

600 700
my; [GeV]

PRL114(2015)231801
q
W:l: q_’
A
o+
N
' [’ I""l""l""l""l""l.'_
2 10°FATLAS —— Observed (CLs)
N - (s=8TeV, 203f6" - Expected (CLs)
+ ]
= - H > WZ - qal I+
3 - ]
ﬁ:T 107 [J+20
E i ]
X 10%E E
S - ]
© i ]
1—IllllllllllllllllllIllllllllllllllllllllll-
200 300 400 500 600 700 800 900 1000
m,,. [GeV]




COMPARISON WITH OTHER RESULTS

A—=Zhand A = 77, my= 300 GeV

10E

llIIIIIlllllllllllillllllllllllllll

" ATLAS  A-Zh m,=300 GeV

2HDM Type Il
L 2-°>0=33fg ev — Obs 95% CL [} +10 band —
Alme - Exp 95% CL [J+2c band -

(] Excluded by A-1t -

1

KR

-08 -06 -04 02 0 02 04 06 08

cos(B-a)

\Kipua 744 (2015) 163-183

@ Here shown a “quick-and-dirty” overlay
of the exclusion plot in the tan 3 vs
cos (8 — a) space of A — Zh and
A — 77 searches, assuming
m4 =300 GeV, and the one obatined
by indirect constraints produced
measuring h couplings, for 2HDM
Type |l models

2HDMs with m, =~ 300 GeV are signifi-
cantly constrained

SEARCH FOR THE PSEUDOSCALAR A BOSCON - M. BAuce - Lake TaHOE, 23-29/08/2015 14
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Other combination

8 8 838

tanp
—
W A~ OON O

N

M, (GeV)




Backup: Coupling Combination

WARWICK

2HOM Type | ATLAS Preliminary 2HOM Type I ATLAS Preliminary

0o 000 T TN 45470 Ciu. 0% 0L B TToV, 45470
X Gme 15-8TeV,2030" X Gmd 5 =8ToV,2030"
--=- Exp 95%CL ===~ Exp. 96% CL

K 1 \ Al : .

10':‘ 08060402 0 02 04086 08 10--1 08-06-04-02 0 02 0406 08 1
) cos(f-a)
~ M Lagtonspeete. ATLAS Preliminary aomFgees  ATLAS Preliminary
o On.0N A 8T TV, 45471 . N T TOV, 45470
| X Gub 15+ 8TeV, 203" X Gmn 15 -8TeV, 203 0"
==e Exp 95%CL “ees Bp WNCL
- - SN — - M

a 10 ‘ <@ 105wrerss

107708060402 0 02 040608 107708060402 0 02 040608 1
cos(fx) cos(p-a)
BSM Higgs with ATLAS Higgs Hunting 2015 M.Beckingham (Warwick)

38 )



mass scaling MCHM additional EW singlet 2HDMs hMSSM invisible portal model
(o] (o]0 (o]e] 000 0 o0 O

Simplified MSSM

@ Supersymmetry provides a natural solution to the hierarchy problem and
Dark Matter

ﬂe made assumptions are: \

@ Simplified means the same decay modes as for the SM Higgs boson

@ No Higgs boson decays to supersymmetric particles, heavy Higgs boson
decays to lighter ones

@ Neglecting loop corrections from stops in gluon fusion production and
di-photon decays

@ Assume universality of the down-type fermion couplings: kp = K~

@ Measured Higgs mass used to express couplings (kv,ku,kq) in terms of ma

\ and tanf: Kp = Kr = K

| vdia Brenner 12



'é-j Doubly charged Higgses ®*

« 6 channels q [
. Dt
- €e, p“, eIJl eT, urs T » '''' §E
 Interpretation for 4 benchmark models « T y
L
BR(M** — ¢%e®) = 100K BRI®: — ¢2¢%) = 100
CMS Preliminary = =7TeV, [L =160’ CMS Preiminary /= 7TeV, [L=16fb"'

o Eagmied el e e (v (D ?

e ASOOE SrOin CrOe Sechon

95% CL upper imit on /o,

[] Eur. Phys. J. C 72 (2012) 2189 28
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H->INV
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-1 -1
V-tagged categories 196fb (8 TeV) Combined 19.6fb (8 TeV)
 Vasguscgres | i Combined

SM
SM

] -
o _ % - CMS — Observed

I n V = ~ Preliminary = af Preliminary
o 5 k] . “"" Median expected
Q -~ Observed el C
» i K] C . 68% expected
.E 4 | """ Median expected 'E 25 - D
T :_ . 68% expected T 2 E e expected

L ] L] L] I B I [~
CMS hadronic limit & | Do o

X B X
© o

- BR(H>inv) <
53% (62%)

/

l- ol b by s b b s by 0
100 150 200 250 300 350 400 100 150 200 250 300 350 400
m_ (GeV) m,, (GeV)

Monojet [CMS PAS EXO-12-055]

- Mono-V/j : BRy 5, < 53% (62%)
1. Include V->hadronic final state
2. MET shape
3. Use y+jet
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H 9V+| nv ATLAS-CONF-2015-001

VBF prOduction E 10° g_sligliallreglio;\ I I'-lwllets;mt:ltll;esi wl(—»:av)I I _é
o [~ ATLAS Preliminary WiZ+y Other W/Z+jets ]
E " Vs=8TeV, 20.3 1" [l Others X Total sM T
= i —+ Data === (mg,m,)=(100,0) GeV]
LT>: 10_:+_ =
N \ E
= \ \Q
j J T\
60 80 100 120 140 160
Efrniss [GeV]
- Trigger

> ET(Y) > 40 Gev E 60? ‘A"I‘L:ISPrlelimi;ary g
> MET > 60 Gev E§ 50; Vs=8TeV, 203t w%
T 40fF 5
- Model-specific results g
30 :;
@ GMSB: h — G¥° — GGy 20f ']
@ NMSSM: h — 359 — £9%%y o ;

@ NMSSM: h — x3%3 — %9%0vvy o
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H-2>y+inv

i~ cIMISI 7T 1T T17TTT 7““"‘ (BTQ
e [ rrrrrrrrrrrTrvT1mT 11T
= M; > 100 GeV
. ‘é 10°F —— 95% CLobserved
- ggH & VH production ko 95% CL oxpected ]
[ = 10 expected
w0k [ ] = 20 expected
g -
. I
105—
g, Essl|7slI&:-Iosl|1¢;SI11I5I1I%I1‘I%I7.:5|75|5I13I5I7;5I7;5I1;s
Lower ET" Threshold [GeV]
CcMS 19.4 fo"' (8 TeV)
= [ T Tt
- CMS ‘data parking’ 0 0.6l T e e |
M el A lPeerEEmame ]
> ET(V) > 30 Gev © ::::‘_ m::z:m:g:’_' H-i‘?"x‘:-vaG.iﬁlﬂ<mH12:
> MET > 25 GeV 0.4/ -
- Model-independent results
- Model-specific
@ GMSB: h — Gx° — GGy
~0.~0 ~0.~0 0 20 40 60 80 100 120
@ NMSSM: h — XoX1 = X1X17Y %, mass [GeV]




Higgs to invisible searches

Higgs couplings and internal structure
Constrains on Multiple Higgs bosons
Probing Invisible Higgs boson decays

Direct (Invisible) searches
Combination of indirect (visible channels) and direct (invisible searches)

More details in Philippe Calfayan talk!

@ ZH — (££) INV:

Phys. Rev. Lett. 112, 201802 (2014)
Q@ VH — (jj) INV:

Submitted to EPJC (2015)

Q@ VBF H — INV:

HIGGS-2015-YY

Results | Obs. Exp.
VBF h 0.30 0.35
Z(— ¢)h | 0.75 0.62
V(= j)h | 0.78 0.86
Combined | 0.25 0.27

« CERN. G. Carrillo<Montova

1

10"

102

o Tag events with large missing energy — use
particles produced together with the Higgs

o Assume productions (& acceptance) as in SM
0 h— ZZ — 4v: 1.2x1073 (no sensitivity)

rrvr.Jrrrr yr}mem—m™1ryrrrYerrreYTYrrre1roy
._....
T S—— W——  ——  —— — ~ R S —— —— —— —— " ————
el
-
.~‘.
-
-
-

LI

ATLAS Preliminary
\s=7TeV, 45fb’
Vs =8TeV, 20.3fb"

)L ¥

EPS <« Vienna 2015 15/19
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Higgs couplings and internal structure
Constrains on Multiple Higgs bosons
Probing Invisible Higgs boson decays

Combining Indirect (visible channels) & direct (invisible searches)

Direct (Invisible) searches
Combination of indirect (visible channels) and direct (invisible searches)

o The partial widths for Higgs

decays to undetectable (e.g. < 10-”,'4}'1.14'31;;']"'-"””'””'””'-m'!'

(s ssumed to be negligibly < reliminary |

, 99) a_ ! 2 gligidly Y s=7TeV, 4547 fo’ 1

o With the visible channels alone 8" (s=8TeV,20.31b" s

(and ky < 1): | Obs.: i

BR;y < 0.49(0.48) obs (exp) 6 | —Vis. &inv. decay channels /- N

o Combination visible channels - inv. decay channels /- T
and invisible searches one can - "Vis. decay channels /-

remove restrictions of (ky < 1)
o Physical boundary BR;,y, > 0

o The most general result with
independent parameters:

—

R, Rt i o R g,y Rz B Qs
95%CL limit of: - R,
0.23 (0.24) obs (exp) i“”

T

= CERN. G. Carrillo-Montova EPS < Vienna 2015 16/1¢



Higgs couplings and internal structure
Constrains on Multiple Higgs bosons
Probing Invisible Higgs boson decays

Direct (Invisible) searches
Combination of indirect (visible channels) and direct (invisible searches)

Higgs Invisible, alternative parametrisations

95% CL
Observed Expected | Assumptions
Direct (invisible searches) 0.25 0.27 Productions as SM (k; = 1)
Indirect (visible channels) 0.49 0.48 kzw < 1
Combination!* 0.23 0.24 None!**]
Comb. (alt. parametrisation) 0.23 0.23 kzw < 1
Comb. (alt. parametrisation) 0.18 0.24 one kr, and one ky
Comb. (alt. parametrisation) 0.16 0.23 one kr, and one ky < 1
90% CL
Observed Expected | Assumptions
Combination 0.22 0.23 None'**!

x| Except VH — (jj)inv, overlapping phase-space

*x] Except for undetectable

= CERN, G. Carrillo-Montova

|
I

EPS - Vienna 2015 1719




H — invisible Mono-Jet Mono-V/Jet Z(— ££)H

e Total uncertainties on Z — vv:
o CMS: 27%, with 23.5% stat.

o ATLAS: 11%, with < 6.4% stat.

e Observed (expected) upper limits on
BR(H—inv) assuming my = 125 GeV:

o ATLAS: 28% (31%)

o CMS: 57% (40%)

o Expected CMS bound is 33% if Z CR
had as much stat as a W— uv CR

o VBF is most sensitive channel

Philippe Calfayan, LMU Munich

Z(— bb)H V(— jj)H VBF Dark Portal Conclusion

Search with the | VBF | signature [ATLAS, CMS]

L L] L] L)
3 10° VBF Signal (m_=125 GeV, BR=100%)
W v
S B Z-wv
3 S Other Backgrounds
s SM Uncertainty
g 10° —@— Data 2012

ATLAS Prelimina
20.3f0", 8 TeV

300 350 400 4§p 500
ET “[GeV]

19.2 fo” (8 TeV)

CcMS 95% CL limits

—— Observed limit

------- Expected limit

| Expected limit (1c)
Expected limit (20)

%% o, (SM)

Preliminary
VBF H — invisible

o x B(H— inv) [pb)

?03 150 200

350 400
my; [GeV]

EPS HEP 2015, July 22-29 14/18



DETECTORS &
UPGRADE




25m

ATLAS detector

Toroid magnets
Solenoid magnet | Transition radiation tracker

Semiconductor fracker

Muon chambers

19



CMS detector

SILICON TRACKERS

Pixel (100x150 ym) ~16m* ~66M channels
Microstrips (80x180 gm) ~200m* ~9.6M channels

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes
Overall diameter : 1S0m

Overalllength :287m
Magneticfield :38T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
4 Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

/
PRESHOWER
Silicon strips ~16m? ~ 137,000 channels

FORWARD CALORIMETER
N A ’ Steel ¢ Quarte ibres ~2,000 Channels
P \
CRYSTAL )

ELECTROMAGNETIC : Id
CALORIMETER (ECAL)
~76,000 wintillating POWO, crystals

/

HADRON CALORIMETER (HCAL)
Beass + Platic wintillator ~7,000 channels



High Lumi LHC: time scale

High
Luminosity
LHC

LHC / HL-LHC Plan

LHC

Run 1 Run 2 | Run 3

50 ns BX 25 ns BX

14 TeV 14 TeV

13-14 TeV energy
splice consolidation Injector upgrade
7Tey 8TeV button collmators cryo Point 4 s IR HL-LHC installation \
e—— R2E project Civil Eng. P1-P§ b

-
PU ~ 40 '::':rag? PU~50| | PU~50 PU=250 & PU ~ 140
o T R el ln- ] e e
7 m o oo e

* experiments survived Run | and LS 1 without being damaged by their own constructors
* new data at 13 TeV start accumulating (slowly, but steadily)
* experiments and LHC will have a major upgrade during LS3

* from mid 2026 (probably 2027) we can talk about HL-LHC data
* goal: deliver 200 to 300 fb-! a year
* many results that your will see in the next slides are quoting 3000 fb-1, nice dream :)

Adrian Perieanu SUSY Tahoe Lake 27" August 15 5




to HL LHC

Interaction Regions
(~ 2022)

* detectors

* low p quad’s

SPS upgrades ( ~2022)
* anti e-cloud coating

~ 2008 (27 k "
crab cavities... ! * RF

1976 (7 km) g 4 ,

B8N Booster ( ~2018)
SISy * upgrade energy 1.4 to 2 GeV
Linac 4 ' East Area
* with a “first” B — : '

.
LEIR

Adrian Perieanu SUSY Tahoe Lake 27" August '15
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Detector upgrades

* Forward Muon Spectrometer:

— new small wheel (nSW)

* L1-trigger: high precision calorimeter
ATLAS * L2-trigger: fast tracking (FTK)

* new forward diffractive physics

detectors (AFP)

* Pixel detector: add Layer 4 and squeeze
Layer 1 radius
(o4 ', ESJll * HCAL electronics
* L1 trigger upgrade
* GEM: forward muon

* new Tracker (Silicon)

* Calorimeter electronics upgrade
* Muon System upgrade

* LO/L1 trigger architecture with
L1-Track Trigger

* Forward Calorimeter upgrade

they will almost
look like twins

* complete Tracker replacement
* L1-Track Trigger
* forward regions: improve

tracking, calorimetry, muon ID

* High precision timing for PU mitigation
* Trigger upgrade

* DAQ upgrade

Adrian Perieanu SUSY Tahoe Lake 27 August '15 10




BSM Scalar Searches
at the LHC

“Searches for new processes in the sector of EWSB”

Tristan du Pree (CERN)

on behalf of the
ATLAS+CMS
Collaborations

SUSY 2015

23 — 29 August 2015, Lake Tahoe




