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The Higgs boson discovery

Overview of SM Higgs boson searches

Recent results (SM Higgs properties)
* signal strength / couplings e 'ansg_grﬁggnuaﬁ
* mass / width

* CP properties

Rare decays

BSM Higgs boson searches

Prospects for 2015-2035
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SM: =1M Higgs bosons produced 2015: Cross section increase by

at the LHC (2011-2012) factor 2.5; almost 5 for ttH!
Spectacular mass: 125 GeV — many Production cross section, mh=125 GeV,
decay channels open sqri(s)=8 [14] GeV:
goF: 19.3 pb [49.9]
* only 11% unobservable (gg, cc, ...) VBF: 1.58 pb  [4.2]
E e T e —g WH: 0.70 pb [1.5]
e I = 2 ZH: 0.42 pb [0.88]
?U i ttH: 0.13pb [0.61]
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Higgs boson discovery
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More than CMS and ATLAS ™%

H OAW

I will not say much about the great efforts of both the theoretical and
experimental HEP Higgs community before the LHC

* The discovery would have taken much longer without
precise predictions from the theory community (early days to LHCHXSWG)
excellent tools due to previous experiments (e.g. PDFs from HERA)

restrictions on the m, phase space (LEP, Tevatron)

* and would have been impossible without
the excellent operation of the LHC by the accelerator team
the excellent performance of the world-wide LHC Computing Grid

We are deeply grateful...

* ...but this talk 1s about
the Higgs boson discovery at the LHC

the current status of Higgs boson searches
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Before the LHC

A little hazy, with structure in some regions of phase space.
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Before the LHC

SM Higgs boson constraints
- m_>15MeV (NA31, 1989)

- m _>114.4 GeV (LEP, 2000)
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http://arxiv.org/abs/1107.5518

EPS, July 2011

The situation is mostly unchanged. The disfavored region becomes somewhat clearer.
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EPS, July 2011
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http://cdsweb.cern.ch/record/1370076?ln=en
http://cdsweb.cern.ch/record/1370076?ln=en

HCP, November 2011

1
It is getting clearer where the Higgs is not and we can clearly see the background.
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HCP, November 2011
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http://cds.cern.ch/record/1399607?ln=en
http://cds.cern.ch/record/1399607?ln=en

The Higgs is pretty much cornered. Something seems to be there — but what is it?
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http://cdsweb.cern.ch/record/1430033

CERN, July 2012

‘ CERN, 2012/07/04

il

Suddenly things become a lot clearer. There is a Higgs!

M. Flechl, 2015/06/25: Higgs discovery and recent results 15



CERN, July 2012

CERN seminar on July 4th, 2012
* =50 each for both experiments, mH~=125 GeV

= Combining vy, ZZ, WW, bb, tt decay channels

Local p-value

Observation of a new boson, compatible
with SM Higgs boson predictions

* The end of a 50-year-hunt!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-093/
http://cds.cern.ch/record/1460438?ln=en

CERN, July 2012

This also marks the transition

* Higgs boson search period => Higgs boson measurement period
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many BSM models)
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Recent CMS Higgs results iw'/ i

v
Big five: results Updated:
* vy Aug 2014
* 4 leptons Aug 2014
© WW Oct 2014
* 1T Oct 2014
° bb June 2015

+ ttH combination Aug 2014
Properties
* Mass, Width Mar 2015
* Coupling strength Dec 2014
* Tensor coupling structure Nov 2014
Rare processes (ce, pu, ut; Zy, tHq) Feb 2015
Direct BSM Higgs searches May 2015
Prospects June 2015

M. Flechl, 2015/06/25: Higgs discovery and recent results 18



The ,,big five* channels

v

* 4 leptons
© WW
1T

* bb

M. Flechl, 2015/06/25: Higgs discovery and recent results 19



H—vyy: Analysis

High statistics, low S/B, high mass resolution

Select 2 photons in various categories (including VBF, VH, ttH)

Estimate background by fitting the m(yy) distribution (sidebands)

* By now, mass peak visible with naked eye!

19.7 fb' (8 TeV) + 5.1 fb™ (7 TeV)

x10°
35E CMS S/(S+B) weighted sum
~“t Hoyy
£ ¢ Data
3 M@
E S+B fits (weighted sum)
------ B component

S/(S+B) weighted events / GeV

IIIIIIIII|IIII|IIIIIIIII|IIIII
110 115 120 125 130 135 140 145 150

arXiv:1407.0558 M., (GeV)
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Signal strength: o(observed)/c(SM)

CMS H - vy 19.7 167 (8 TeV) + 5.1 b (7 TeV)
~ +0.26
ggH 112 +8§; combined 1.14 -0.23
| [m =124.7 GeV]

+0.77
VBF 1.58 " es

I combined £+ 1o

—@— per-process* 1o

+1.16
—0.16 ;o

VH

tH 5 gg 251

09 _1.81

2 4 0 1 2 3 4 5 6 7
5.7 observed (5.26 expected) uxiv:i407.0558 [i
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http://arxiv.org/pdf/1407.0558.pdf
http://arxiv.org/pdf/1407.0558.pdf

H—4l: Analysis

Low statistics, excellent S/B, high mass resolution

Select 4 leptons 1n the channels 4e, 2e2p, 4
* Categories for VH, VBF, ttH — but main sensitivity in 0/1 jet

Main background: non-resonant Z.Z.*

* Estimated from simulation, validated in control regions

CMS (s=7TeV,L=511";Vs=8TeV,L=19.7 fb" oMS S=7TeV Lo51 b (5c8TeV L 197 b
%) 35 - ! I [ ] Data I I I I I I __ g _l TTT | TTTT | rTTT ‘ TTTT ‘ TTTT ‘ TTTT | TTTT | TTTT | TTT I_
(5 B |:| mH=1 26 GeV E . 8 ~ . o
Cf) 30 - I:IZY*’ZZ B Ié : .68/0 CL :
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S ¥ . 4r n -
W 20F = i S\ i
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arXiv:1312.5353 m4l (GeV) arXiv:1312.5353 MggH, i

6.86 observed (6.70 expected)
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http://arxiv.org/pdf/1312.5353.pdf
http://arxiv.org/pdf/1312.5353.pdf

H—WW: Analysis

High statistics, Low mass resolution

Main background: continuum WW

Categories aiming at ggF, VBF, VH, ttH

* Main sensitivity in evuy + 0/1 jet

1000

500

S/(S+B) weighted events / bin

M. Flechl, 2015/06/25: Higgs discovery and recent results

CMS 4917 (7 TeV) + 19.4 b (8 TeV)
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4.30 observed (5.80 expected)

CMS

H — WW (all channels)

0.20
Glog,, =0.72" 75

212v + 0/1-jet

+0.22
olog,, = 0.747 Jo0

212v + 2-jets, VBF tag

0.57
GiGg,, = 0.607 ;50

212v + 2-jets, VH tag

197
olog,, = 0.397 [0

3I3v, WH tag

+1.27
of’oSM =0.56" 5

49fb" (7 TeV) + 19.4 b (8 TeV)

m,, = 125.6 GeV.

—1HHOH 1HH2HH3
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H—7t: Analysis

Channels depending on tau decays (ee, ey, Uu, €t, Ut, T1)

Categories motivated by production: 0/1 jet, boosted, VBF, VH

* Sensitivity driven by VBF Evidence of Higgs

Main background: Z/y* — 17 decays to fermions
3.26 observed (3.70 expected)

CMS, 49fb'at7 TeV, 19.7 fb' at 8 TeV
N T 1 L] T I L] | T L] T

— T
> N SM H(125 GeV)>tt R _
O 0T, €T, T T, el 40  Data- background CMS, 4.9 fb Tat7 TeV, 19.7 fbl1 at8 TeV
G 2500 - h [[77] Bkg. uncertainty : .
= 20 - - m,, = 125 GeV 0-jet
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\; = =1 0 ——

£ 2000} :
e, 2o} _l_ ] : 1-jet
E : 1.07+0.46
O ' -40 L L ' :

— 0 100 200 300 =— H
© 1500 - m_, [GeV] - ]
8 ] il 2-jet (VBF tag)
< 2777 SMH(125 GeV)>tr : 0.94:0.41
9 1000 |- . —e— Observed — :
o Czow i
= O & ] . H+LL' + I+Lz,
_— i [ Electroweak 7 -0.33+1.02
e 500 = [ acp -
25 i ] ol Horr
~ 0 : 0.78=0.27
(7)) 0 100 200 300 \ : \ \

arXiv:1401.5041 m_, [GeV] 0 2 4

arXiv:1401.5041 Best flt uw
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http://arxiv.org/pdf/1401.5041.pdf
http://arxiv.org/pdf/1401.5041.pdf

H—bb: Analysis

Very challenging at a hadron collider, despite high BR

* WH/ZH (and ttH): use a lepton trigger
= very recently, added VBF H—bb: use a dedicated trigger (+generic VBF trigger)

. arXiv:1506.01010
* BDT-based analysis

I [ I ] I | I ] I 1 1 ] I I 1 | I I 1 I | I ]
N CMS + Best Fit
* Backgrounds: VV, V+bb, tt = A so7TevL=s0m" I 6% CL .
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= 80 ¢ Data — - pp — VH; H— bb, m =125 GeV
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) P i i
- - \s= 8TeV,L=18.9fb DVV - R J
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_gn 60— — Sub. MC uncert. _ ol i
‘O B —— VH + VV MC uncert. B
z | i i ]
T 40+ . 1 s
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http://arxiv.org/pdf/1310.3687.pdf
http://arxiv.org/pdf/1310.3687.pdf
http://arxiv.org/abs/arXiv:1506.01010

CMS: combined signal strength: n=2.8 +/- 1.0

* About 26 from SM, mostly driven by
same-sign two-lepton analysis

Almost factor 5 increase in cross section
in LHC Run 2 expected (SM)

CMS 15 =7 TeV, 5.0-5.1 ﬂ:r"; (s=8TeV 19.3-19.7 iy’
cn CMS ttH u u channel _Vs=8TeV,L= 1‘9.5|1|b'|'
w [ . T 25__ ‘ Data I | l I | ]
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=

_ Wb ey ]
bb [~ —— Loty ]
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4l — | - .
' 10 E
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S
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arXiv:1408.1682 BDT output
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Higgs property measurements

GGF VBF VH

Decay/Production tag

H—yy
H—41

(maximum) input used for
combined property
measurements: H—-WW

H—o1t
H—bb
H—inv

H—pp
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Measured in yy and 41 (high-resolution channels)

* Precision of about 0.2%!

CMS: my = 125.02 tggg (StE;t) fg%g (syst) GeV  arxiv:1412.8662
ATLAS+CMS: my=125.09+0.21 (stat.) £ 0.11 (syst.) GeV  arxiv:1503.07589
* Statistical uncertainties still dominate . 197167 (@ TeV) + 5.115" (7 Tew
_CI ECMé | Hoyy+H->ZZ 1
19.7 b7 (8 TeV) + 5.1 16" (7 TeV) 4 o My 1, (GQHHH), E
% [ T T T T '+ i C‘I, : b'l ;j — o 8 ;— ],J_w(\r‘BF,'\J’H)l m:f _;
E i CMS ombine . 7:_ _:
© 5gLHoyy+H—>2ZZ | @ HoYriagged - |
Tl or H—» ZZ tagged 6F =
i ] 5F E
1.5 ; ] 4k 3
: | 3 —f
1.0 ] 2f
i ] 1F
i 1 ob— ol v il 3 L T P
051 ’ 2 15 1 05 0
i ) arXiv:1412.8662 m}’ - mfj (GeV)
0.0L b b vy and 41 compatible within 1.4c

arXiv:1412.8662 my, (GeV) WW: iy = 1281_5 GeV
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Branchina, Moriond EW 2015

Instability

Verr ()

Effective Higgs
pOtentlal [RG-improved] New Minimum

Top pole mass M, in GeV

Top-loop corrections: 2nd minimum

in the Higgs potential, either
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* above EW minimum => stable vacuum

Higgs pole mass M}, in GeV JHEP12(2013)089

* below => unstable [meta-stable if life time >> life time of universe]

Vacuum stability depends strongly on mH and mtop

However, stability diagram depends on physics at m,
Branchina, Moriond EW 2015

* even perfect mH/mtop resolution might not tell us about stability

M. Flechl, 2015/06/25: Higgs discovery and recent results
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Higgs width limits

SM expectation: 4 MeV 10197 E T + 511617 TeV)
c 9 E_ CMS . Combined __
< FHoyy+H->2ZZ | {E}:;:;:; 1
. . . . C\I.I 8 my, 1 o H—vy tagged "’E
Direct: Limits on Higgs width from 7t | el €
6 /il
o H—)yy; ' <2.4 GeV aXiv:1407.0558 5k o5 opec E
° H->Z7Z: I'<3.4 GeV aXivi312.5353 4 / :
3F =
e Combined: T < 1.7 GeV  @Xiv:14128662 oF arXiv:1412.8662
1f
of L
o . 0 2 4 6
Indirect: Coupling fits and Higgs boson width (GeV)
Higgs-to-invisible searches ., cms 197 10" (0 TeV) 1 5.1 15" oY)
< 10F 4 observed .__.
< e 41 expected *
ol 202v + 41 observed

- 2l2v + 4, expected

Combined ZZ observed

Indirect: From comparison of on- and T Comined o2 axperies
off-shell H—4l signal strength .xi.110534s5 5 s 77

* Model-dependent! £/ 7 ﬁ‘___q___
PR (33) MeV 2:—
< 5.4 (8.0) times SM expectation = .:_7_5‘_.;;_;;,—2_______6&&_
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Signal strength

=0 /o
H obs ~SM
Combination: p=1.00 £+ 0.13
Production Decay
19.71b' (8 TeV) + 5.1 fs' (7 TeV) 19.71b" (8 TeV) + 5.1 fo' (7 TeV)
Combined CMS m, = 125 GeV Combiq%%Jr o CMS m, = 125 GeV
=1.00£0.14 p=1euxh.
' Pgy = 0-24 p_,, = 0.96
H — yy tagged
Untagged al w=1.12+024 -
w=0.87+0.16
H— ZZ tagged -
VBFtagged i n=1.00+0.29
w=1.15+0.27 L WW 4
— tagge &
1 =0.83+0.21 -
VH tagged
—
w=0.83+0.35 H - 1t tagged
1=0.91+0.28 -
ttH tagged
=275+ 0.99 = H — bb tagged =
1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 u = 0.84i 0.4-4
0 1 2 3 4 1 1 1 1 I 1 1 1 1 Il 1 1 1 | 1 1 1 1
. : 0 0.5 1 1.5 2
arXiv:1412.8662 Best fit o/, arxiv:1412.8662  Best fit o/o

Only deviation from SM beyond lo: ttH
High compatibility with SM (p=0.24 / p=0.96)
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Coupling strength

Processes involve several couplings 19717 (8TeV) + 511" (7 TeV)
. . CMS - 68% CL
Requires assumptions (I, universality..) (i _oanot o ool
Z — Y7042 H
Typical tests: xy = 10155 -
o _ +0.14 :
* Fermions vs bosons k=087 01 .
. agrees A, =0.99%1° S N—
* Custodial symmetry (W vs 7) &f W 5
g : with S A= 1.0870% ————
* Loop contributions (effective gg, yy) . - 089 .
g~ = -0.10 N
2 CcCMS 19.7 o (8 TeV) + 5.1 fb™" (7 TeV) i, =1.1470% --—
-| + Observed i &~ BRggy < 0.14pm— L arXiv1412.8662
}2- L : f‘\ BSM MRS BRI RN BT B
[ ¢ SMHiggs z \ 0 05 1 15 2 25
L 19.7fb™" (8 TeV) + 5.11b"' (7 TeV)
o 18— T G PR R
1 I L o - CMS .
i 1.6] .
i v | K, and K 1.af -
O - agreement with SM 1o e .
= & /'_‘-“_ ‘.. -
i _ : i i/ R :
i YY removes sign 1.of L \\ -
1L . ambiguity g \ \
1 0.8} N ) -
L - | ¥ Observed | ™. S _ /i
- 0.6 |[—68% CL R -
B [ |--95%CL | T
D) no significant BSM 041 78 ° E
0 0-5 1 1-5 1 ff t . 'bl 0 2_ | | I | | | | | | | | | | |
arXiv:1412.8662 Ky 00p cliccts visible 0.5 1.0 1.5
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P

JP Expected Expected Expected 1 1 . 1
s ply vt poened mpeea - ) L0 [Using input from ZZ, WW; and yy (spin only)
@ 29 220 360(d60) 120 +490 ) <0.001%
@ 240 180 300(380) 08¢ +43c| 0.004% .
i 1w aeaw 0w | o | From observed decay modes:
g8 2.00 1.70 250 (330) —020 4280 0.52%
g8 3.20 1.60 3.70 (430) +040  +350f 0.031% . .
g 380 070  380(20) +170  +210] 19% * Particle 1s a boson
g8 1.60 1.80 240 (320) —090 4340 0.16%
g 34 250 420(49) 050  >50 | <0.001%
3.8 1.8 420 (500) —0.1 +4.70 | <0.001% :
A e e el ey Iyt * Not spin 1 due to H—vyy [Landau-Yang theorem]
gg 250 140 280(350) —100 +420) 0.009%
g 420 200 460(530) +01c  +490 ] <0.001% . .
@ 170 270 310(430) —10¢ +450 0.002% Unless: C.g. via H—>a1a1—>yyyy
@ 220 260 330(430) —08c +4dcf 0002%
@ 3l 260 380(450) 000  +41cf 0005% .« o .
Q@ 4.00 160  430(450) +020  +43c] 0.002% ® Rema]nlng Opt]()nS:
qq 170 2.80 3.10(420) —130c +480cf <0.001%
qqQ 340 2.80 430 (5.00) —01c  +4.80cf <0.001% .
g 4l 220 460(00) +03c  +450 ] <0.001% -

W 430 200 470(620) to1r  +500) <0001 0+(SM)9 O+(an0m)9 0 [OI' mixture of these]
qq 240 2.00 310 (3.80) +050 +270 0.55%
qq 400 260 470(530) +050  +460 ) <0.001% 1 - _ 1

| <000 ] Continuum of 2+/2- states [non-renormalisable]

arXiv:1411.3441

Spin 1, 2 .disfavored; all SM tree-levelay,

tested options excluded at amplitude 4(Hvy) N@ Vi +K{V‘?%zl cinEa + a0 Fr @ YV 1) Fehe
high confidence level (A7)

0- disfavored, but more
weakly than spin 1, 2 :
Significant CP-odd ”
admixture to SM Higgs is — -

1

=]

7607 (8 TaV) + 5.1 167 (7 TeV)

VV}

7

AN

¥ cos(¢

H

e %s

A= ———— -

1 | 1
T TTIT TR T T
I

71 |

A

~ NEEEN
BN

4

|
1

I |
I ol
1 e

III|III|III|III|III|III|III|III|III|III g

still possible S A A g o 2
¢ Excluded o 99% CL I = I £ —
Expected at 5% CL HWW ! Hyy HZZ+HWW (aI =a)
Expected at 65% CL

arXiv:1411.3441
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Rare Higgs processes
and BSM Higgs searches
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Leptonic Higgs decays

o4l —’I e+|9' S 19.7 ﬂl"1 (8 ITE\{) Numerical limits: for m, =125 GeV - 19.710” (8 TeV)
o 7 | -
=3 B - i w [~ e Data ]
:"?0 i __CMS —— Observed limit E 0] 50 __CMS [T Bkgd. uncertainty E
* . I ----e---- Median expected limit ] 8 - u_+u - SMH 7]
1ot N P M =T :
L oaf - +1¢ expected limit ] H_)ee % 5ol *_ E o;::r =
é C +2 ¢ expected limit ] 5 G}J R B 6y, ¢ i
€ 0.08 - w B - ' ]
st : o/osm < 3.7-10 B awf [ ] MsiDd v e, p .
E | ] 2 - e - LFV Higgs, (B=0.84%) |
= 0.06 - - £
2 I ] 5 . F .
o B i 30— -
S0.04f - = - ]
ot i @ F .
2002 - H_)Tu B 201 -
C arXiv:1410.6679 ] B - .
) S N N R 2.50 excess, oF E
120 130 140 150 . . B ]
50 Hop'w 19.7 fb™ (8 TeV) + 5.0 fb (7 TeV) Compatlble Wlth L
I"“ _I I T T T T | T T T T I T T T T I I_ _ 0 = .
i - Observed limit CMS - B(H—)Tl,l)—OS A) %H _ _ .................................... _+_ ........................................................................... .
:;:]‘ 50 :_ __________ Median expected limit _: flf E + ...................................................
= C ] Sy b
2 C - +10 expected limit ] o 100
o C ]
s T +2 ¢ expected limit . arXiv:1502.07400
5 f 1 H—
-*E 30 . l’l u
5 i +2.8
§ 20__ . O-/O-SM < 7.4: (6.5_19) yee
3 8 . observed expected
2 10f -
g " ] Yup
Lo o013 Exclusion of universal

120 130 140 150 . . y
arXiv:1410.6679 m,, [GeV] leptonic couplings TT
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Zyy and tHq

1 CMS (s=8TeV,L=19.6fb"
_ T B B B BN BN B
H—>Z'Y @ 0.9 H—2Zy E
w2 z o — Observed =
P W ‘;2 0.8 f=== Expected = 10 =
H . f 7 H w Aﬁg 0.7 ---- Expected + 2 ¢ E
; = — SM cross section =
% N 06 P 10 x SM cross sectiori]
a W v 4 T .
. 0.5 =
SM: Via loops, BR=0.15% R E
T FE N i\ e -
* BSM sensitivity R 03
© o02F !
0.1 -
° _I L1 1 | ) - | | I T I 11 l | | I 111 I L1101 | 1
Exclusion of about IOXGSM [125 GeV] P20 125 130 135 140 145 150 155 16
arXiv:1307.5515  my, (GeV)
CMS Preliminary 20 fb! (8 TeV)
q — T T T " T T T T T T T 1
th, H—bb/WW/ TT/’YV 0* EtH(bb)g, m ~125GeV +Data
3T+4T regions (e+) =R'||| I¥§=s1

SM: nearly total
destructive interference
of these two diagrams

Sensitive to relative sign of couplings to fermions/bosons

No excess observed
CMS-PAS-HIG-14-001 CMS-PAS-HIG-14-015 CMS-PAS-HIG-14-026

Excludes 4.1x SM (yy) / 7.6x SM (bb) / 6.7x SM (WW/t1) cross
section with yt=-1
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:_ KS test = 1.00 12 =0.99 —
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Heavy SM-like Higgs bosons

Search for additional SM-like heavy Higgs bosons
* Motivation: e.g. Higgs singlet (in addition to doublet), 2HDM

Most sensitive channels:
* intermediate mass: H-WW—-212v, H—>ZZ—-212]'
* high mass: H->ZZ—212v

M
—
o

< 10° tclM.S. Upto 51! (7 TeV) +upto 197 @TeV) B __ Observed
Limit on aZ E —— Combined - - - Combined (exp. = 20) 3 2 - --- Expected
~~ B i o
o) - —— H->WW —-2/2v—H —-=WW — /vqq s
G/GSM< 1 S 10°F — W2z 22y —H —2Z -4 3 E
C —
g st F —H-zz 2 3
up to 1 TeV! E oL—Homorm 1 3
- ]
O C
SR
Tp] E
L -
107'E s
ol | | | 107" B/ € H—-2Z -
10500 400 600 800 1000 200 400 600 800 100(
my, [GeV] m,, [GeV]
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Invisible Higgs decays

Motivation: Non-SM decays to stable Em‘% cMS e ey
. . " (s=8TeV,L=195fb" Bt = 100%
- o .
or long-lived particles 8 10°E vr Hny I v
* e.g. SUSY, Extra dimensions, Higgs portal % 102;_ I . o, ovasiets, vv
[0)
TP
L 10|
1
10
. q s 350 400 450 50C
Slgnatures . . CMS—PAS—HI/(?—14—O38 A 252)(13(1)4?04.133?13 40E0$i315[0Ges\(/)?
* VBF: 2 Jets (large An’ hlgh mJJ) + MET 107K i Cor%binatilon olfVéFTanld| '
-2 [ ZH, H— invisible CMs
« ZH: 2 leptons / 2 b quarks (m ) + MET 10 (3260 Tou L= 19907 1 (VBF+ZH

15=7.0TeV, L =4.8 fb" (ZH) B(H~—> inv) <0.51 @ 90% CL
my, =125 GeV

arXiv:1404.1344

Limit on BR(H—inv):
* VBF: 57% obs (40%)
* Combination: 58% (44%) [previous VBF results]

— — -_—
- — _—
— S —
—_ [ CRESST 1o
[ CRESST 20

—— - XENON100(2012)
------- XENON10(2011)
. [ DAMA/LIBRA
=== Min B CoGeNT(2013)/90%CL
— L attice [ GoGeNT(2013)/99%CL
[ CDMS(2013)/95%CL
== Max COUPP(2012)
| —— - LUX(90%CL)
11 1 1 1 1

Translated to DM-nucleon cross-section

 for m_ <m,_; model-dependent [H-nucleon xsec]

DM-nucleon cross section ¢ f{ v [Pb]

3

102 10
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X—hh, H—Zh

CMS Preliminary 19.8 b (8 TeV)

H—hh, H—Zh 1n multi-lepton final statesexivi4i027s1 ¢
10 b§
H—ZA, A—ZH, H—bb/tt cvsmsicisan | :
constrain 2HDM &g
E 107 ©
nstrain h resonan .
X—HH-—4b constrain heavy resonances i
. . 200-
(e.g. Radion, KK-Graviton) , |
17.9 6™ (8 TeV) b —OpsExd, . W,
> - 0 200 400 600 800 1000
S18-CMS D CMS-PAS-HIG-15-001 M (©eY)
o [ — - Multijet p
f 16 - tSii nal
%141_ 201 49 X—)HH_)'Y’Ybb
:>j : p-value = 0.13
12F| — CMS Preliminary L=19.7 fb' Vs =8 TeV
1 :.: C WED: ki = 35, k/Mpl = 0.2, elementary top, no r/H mixing
10:_ — B — radion (Ag =3 TeV) ---e--- Observed 95% upper limit
Z Ke) 102 — . _ I
8f 2 E —radion (Ag =1TeV) s Expected 95% upper limit
- > = ---- RS1 KK-graviton [ Expected limit£ 1o
6;\ T r --=- Bulk KK-graviton Expected limit+ 2
N L 10
C L. AN e X B
Covo o v ngeb==7 00| |h.~\"h1—win—l-—u.n_l_|_ E 1:_
00 700 800 900 1000 1100 1200 m E
arXiv:1503.04114 My (GeV) X F
< Al
r 10E
Q. C
No excesses observed. Phase space s bti :
10'2 1 " 1 | L1 1| I 11 1 1 | 11 |..l..| 11 1 1 | | I I 11 1 1 | 111 I 11 1 1 | 1

for spin-0/-2 resonances constrained. 00400 900 O GeV) COMS-PASHIG 1303
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MSSM Higgs boson searches

H/A = 71: exclude mA up to 1000 GeV,
depending on tan 3

H+ = 1v: almost excludes possibility

that h  _ 1s the heavy neutral scalar H_

CMS hHA- 19.7 fb™ (8 TeV) + 4.9 fb™ (7 TeV)
T L

-
o
[=]

80

60

Events/ 20 GeV

40=

heavy
H+ — 1v

19./ 0 (B 1eV)

CMS -

Preliminary

¢ Data
—H" m,:=300 GeV —
[ ]Multijets (data) 4
I EWK+tt with 7, (data) |
[_JEWK+tt no 1, (sim.) |
2% Bkg. stat.

2. Bkg. stat.®syst.

6,xB_yp,=1pb

CMS-HIG-14-020

% 60 -I T | T | T T T | T T T | T I," T ]
© - CL(MSSM,SM)<0.05: b
- L 4
50 [ | — Observed A
I P Expected i
:; + 106 Expected -
40+ -
[ + 20 Expected ]
30 o .
¥ H— 17 :
20 ]
- = MSSM T
K 7 mioMF 12543 GeV |
1 0 __ "" L ///_,/.‘
- MSSM m;** scenario ]
/ 4 ¢ ///// /// / 7/ < /// /'/ S S 7/ , /// / // / /// // S S 7/ , /// / /// / /// //-
_ .”I/’/.'”.”i”l/i”u'”.”(’i ik
200 400 600 800 1000
arXiv:1408.3316 mA [GeV]
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2 3 m E
E Bkg. stat.@syst. unc. J
@_ 15 _L * DBk:.stat.um: E
I 1te=ety B E
g 05F ¢ 3
% 100 200 300 400 500 600 700
19.767 (8 TeV) m, (GeV)
m_ :\\C\M\glll‘\\\I|III\|\\I\|‘1III‘\\\I_
S 60[ o
! [ Preliminary llght

50; t SHDb,H — t'v,
[ t,riets final state

r MSSM low m,
40— -=— Observed

- —- Observed +1c (th.)
30E [ ] Excluded
[ =% Expected median * 1o
[ oo Expected median + 2¢
20 == mlisM 2 125:3 GeV

10

H+
— TV

[

% 100 110 120 130
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O

Plethora of BSM Higgs searches

ER OAW

MSSM-/NMSSM-inspired searches
* H+ — csbar

No significant deviation from SM
expectation found

* Ht -1 => heavily constrained the phase
* H+—tb space for BSM Higgs bosons
* H—1t/up

" H->WW Higgs-to-Higgs, Higgs pairs

* H—bb - X - HH

* al —»yy/bb

Generic / exotic Higgs searches
* Heavy Higgs — WW/ZZ/yy
* Invisible Higgs
*  Doubly charged Higgs
* Lepton flavor violation: H—1p
° t—cH
*  Fermiophobic Higgs
* 4™ generation

Indirect search for BSM physics via
Higgs property measurements

M. Flechl, 2015/06/25: Higgs discovery and recent results
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° A—-7H, H—-ZA
° H— H+W, H+ —» Wh
Even more exotic searches
* Higgs portal models
* Higgs to long-lived particles
* Higgs to electron jets
* Higgs to displaced muon jets
© al - pp



6.0E+34

5.0E+34

4.0E+34

3.0E+34

2.0E+34

Luminosity [cm2s]

1.0E+34

L
0.0E+00 ~*~

10 11

HL-LHC

* Peak luminosity —Integrated luminosity

o« 2 0

LS1
LS2
LS3
LS4
LS5

12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

"Data! Data! Data!"
he cried impatiently.

"I can't make bricks without clay."

Sherlock Holmes, in: Arthur Conan Doyle,
The Adventure of the Copper Beeches

M. Flechl, 2015/06/25: Higgs discovery and recent results

1000

100

10

01

Prospects
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LHC Run 2 has started!

OAW

CMS Experiment at the LHC, CERN
CMS-PHO-EVENTS-2015-004 | Data recorded: 2015-Jun-03 08:48:32.279552 GMT
| Run/Event/ LS: 246908 / 77874559 / 86

First 13 TeV
collision events!

CMS control room

CERN-PHOTO-201506-130
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Signal strength projections

For 300 fb" [=2022], 3000 fb" [<2035] CMsPoecten

Expected uncertainties on 1 3001 at V5 =14 TeV Scenario 1
Higgs boson signal strength 1 300m™at V5 =14 TeV Scenario 2
Big five (yy, ZZ, WW, 11, bb) HoTY ’ ’
. . H— ww : i
* Runl: Precision (20-50)% N
H— Z7 } i
* 300 fb': Precision about 10%
H— bb } I
* 3000 fb™': Precision about 5% s
L PR T R AT S ST SR SRS T T N
0.00 0.05 0.10 0.15
CMS-NOTE-2013-00 expected uncertainty
CMS Projection
1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1
Rare Channels 300 fb'l (3000 fb'l) Expected uncertainties on F— 3000 " at f5= 14 TeV Scenario 1
o H|ggs boson Signa| Strength — 3000 at fs=14 TeV Scenario 2
° Zy: 60% (20%)
Hoyy } |
. 0 o
* ppe 40%  (20%) - , ,
* invisible: 20% (10%) Hozz | |
3000 fb™': strong improvement bb, t1, Zy, npn e
H ! ]
Note: Numbers depend on scenarios for systematic o ' '
uncertainties. Here, very rough rounded averages are given. . . I - T - T R
0.00 0.05 0.10 0.15

M. Flechl, 2015/06/25: Higgs discovery and recent results 43 expected uncertainty


http://arxiv.org/abs/arXiv:1307.7135
http://arxiv.org/abs/arXiv:1307.7135

Couplings projection

Precision, 300 fb™:
* =5% : bosons (today: 20-30%)
* =10%: fermions (better: 1, today 30%)
Substantial improvement with 3000 fb™
* Uncertainties can be almost halved
* =10%: Zy, pp
5-20% are needed to probe composite Higgs, MSSM, additional H singlet

CMS Projection CMS Projection
T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T

Expected uncertainties on F 200" ar == 14 TaV Seanaria 1 Expected uncertainties on F— 3000f" st f== 14 TeV Scanario 1

Higgs boson couplings | 200f"at [z =14 TeV Scanario 2 Higgs boson couplings f— 3000 at f2=14 TeV Scenario 2

Ky I { K, ——+—

Kw I I Ky ——+H——

K; I { K, ——+—

Kg Kg ———+—

Ky I I Ky I I

K, — K I I

K, K
1 1 1 1 1 I 1 1 1 1 I 1 1 | 1 I 1 1 | | | | 1 1 | | | | | I 1 1 1 1 I | 1
0.00 0.05 010 015 0.00 0.05 0.10 015

expected uncertainty =~ CMS-NOTE-2013-002 expected uncertainty
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Self coupling, HH production

o r ]
Negative interference ‘I:l 1oL 0 ] ’,/H
: g - NLO E -
between HH production * - o ] T ;}: .o
: 2 :“::I‘:‘;':'--.‘,..,, —: b ~
a) with and s 1 e t yot
b) without HHH vertex of 000000000« N
1 0 1 g_ _E
0% NS
-10 -5 0 5 10
: Ao T T H
HH cross section vs A HHH A t
\'§=14 TeV, PU=140 |
CERN-LHCC-2015-010 HH—>bb’Y’Y 51205 cMs simulation T
[s=14 TeV, PU=140 s, F ]
0 ,""\'H'\""\""\'H'\‘"'\‘Yé'\""ew“l"‘u 3000fb-1. > 1001~ Phase [l .
S - CMS Simulation ~e Toydata - . 5 T Phase | aged -
e T wnosen 1 relative unc. on HH 3 *°F \\ .
HE 400 ¢+ | Y 52:0:::;:2 bkg{ cross section: 67% g 0 ‘\Hﬁ“‘*m E
Q ] s [ -
0 7 t L _
E 30| 7 , PO :
= - - =10 signal events 2 20f _:
208 + 3 - =>potential forself- ¢ .. .. .| .| ... 00
r . _-20 -10 0 10 2[_] _ 30
10— + + Couphng Relative Improvement In Photon Efficiency [%]
- AL ;  © measurement unclear CERN-LHCC-2015-010
_I\I\‘I\\I‘I\\I‘I\\I‘I\\I‘\I\I‘\I\I‘I\\Il\l\\l\l\l_

100 105 110 115 120 125 130 135 140 145 150 (despite theorist claims)
M., [GeV/c?]
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Conclusions and outlook

Excellent performance of LHC & CMS detector

Reconstruction performs beyond design specifications

Plethora of Higgs boson measurements
* All in agreement with SM  :~(

* ...but still a lot of room for
more interesting theories!

Prospects for 2015-2035

* Substantial improvements in
Higgs couplings determination

= Needed to probe BSM Higgs
* Rare channels: H—»Zy, H—»uu, HH—...
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Backup slides
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Kappa framework

Production modes Detectable decay modes
B { K2 (Kb, Ke, 17011

3
Kf-'{

2
Kw

2
KVRE(KW, K7, mH)

arXiv:1307.1347

. K.?(Kb. Kt Ki. KW, ]n_H)
Total width >

14
'y

~ = ' K'{Zzﬂ (Xb, Xt , Kz, KW, MH)
2
I111 K(zy)

Modified couplings, parameterized in terms of scale factors k

* single-resonance assumption
 narrow width assumption

 no change of tensor structure in fields and couplings

Example : diphoton
UGNl TEL BT L (7 - BR) (g — H = vy) = osw(gg — H) -BRsm(H — 1y) -
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Prospects strategy

NGaLalllly Vi tuir I aiynal arv vavhyivuliv YIGIWo VI 1% 1SV LT THTIYY

with the assumption that current detector performance kept after upgrades.
Complemented by parametrized detector simulation (e.g. for 2HDM studies).

Scenario 1: Systematics as in Run 1
Scenario 2: Theory systematics halved; Experimental systematics scale
with 1/sqrt(lumi)
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