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+ Observation in three boson channels 8 2 = 126 Gev
* BEvidence for fermion couplings
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* New particle looks more and more like the SM
Higgs boson
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* No evidence for non-SM decays
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* No evidence for additional Higgs bosons
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Introduction

+ (O(300) results published

* Many more to come
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Measurement of the properties ol_l;ﬁ
Measurement of Higgs boson production..( )
Search for the standard modol...(:-)
Search for a Higgs boson...[ )
Search for a standard-model-like Higgs...()
Observation of a new boson...( )
Search for the standard model...( )
Search for a Higgs boson...( )
Searches for Higgs bosons in_.()
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Study of the Mass and..( )
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# This presentation shows highlights of 31
publications and numerous preliminary
results
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Introduction

CMS Higgs Talks at LHCP
High highlight and prospect: Jim Virdee (Plenary, ATLAS & CMS)

BSM Higgs: Will Davey (Plenary, ATLAS & CMS)
Prospects: Susan Shotkin (Plenary, ATLAS & CMS)
Bosonic decays: Xavier Janssen (Higgs 1)

Fermionic decays: Jacobo Konigsberg (Higgs 1)

BSM Higgs: Mario Pelliccioni (Higgs 2)

Combination and properties: Predrag Milenovic (Higgs 3)

Prospects: Miguel Vidal Marono (Higgs 3)



Overview of Key SM Higgs Measurements

: . Signal :
CMS Lumi : Inclusive o Spin/
Channel [1/fb] Specialty signature Obs. (Exp.) mass [GeV] StreJ\gth Parity
5.1+19.6 mass, e
H=2Z- 4 arXiv: d|§covet.‘y, 4 |eptons 6.8 (6.7) +0.2 (sys) 0.93+0.29-0.25 J
1312.5353 spin/parity
4.9+19.5 Cross 2 leptons
H - WW = 2|2v Ariy: sectlgn, MET ’ 4.3 (5.8) 125+ 4 0.72+0.20-0.18 J
1312.1129 coupling
5.1+19.6 mass, B
H- vy CMS.PAS. dlscoyery, two photons 3.2 (4.2 +0.6 (sys) 0.78+0.28-0.26 J
HIG-13-001 couplings
5.0+18.9 | total width,
H = bb ey coupling to two b-jets 2.1 (2.1) consistent 1.0+ 0.5 -
1310.3687 fermions
4.9+19.4 i to | hadronic t
H=TT , couptings 1o fhadronic 1aus, {5 4 (3.6) 122+ 7 0.78 = 0.27 -
143?('5\341 leptons leptons, MET
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+ Search for narrow resonance sg gm:
# (Clean channel to probe the Higgs boson 0002
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+ Low number of signal events
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> 2F m, = 126 GeV =

- : Channel 4e 2e2u 4u 4¢

20 = ZZbackground 77 +10 191+25 119+15 387 +31
- 1 u Z + Xbackground 74+15 115+29 3615 226+3.6
155 b Allbackgrounds 85+ 11 202 +25 123+15 410£31
. - my; = 500 GeV 5206 122x14 7108 245+17
. x my; = 800 GeV 07+01 16+02 0901 31+02
10 - . Observed 89 247 134 470
5k 121.5 GeV < my < 130.5 GeV

i Channel de 2e2yu 4y 4/

0 ZZ background 1101 32x+02 25x02 68x03
80 100 120 140 160 180 Z+ Xbackground 08+02 13+03 04+02 26+04
arXiv:1312.5353 my, (GeV) All backgrounds  1.9+=02 46+04 29+02 94+05

myy = 125 GeV 3004 79+10 64+07 173+13
Observationin H — 7Z7Z* — 4] (6 8(7) myy = 126 GeV 34+05 90+11 72+08 196=+15
: 6 Observed 4 13 8 25
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Evidence for H =WW — 212v (4.30)
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# Search for narrow resonance er e—
Encron|” e
« Categorize di-photon events by S/B and mass resolution .ot % P
Dbjot tight : ; alo,, = 0.7840.289.
+ Signal extraction from fit to di-photon mass distributions it
Unhggodi:
+ Publication with final results available soon untaggeas| L= SRR
. — — et > B
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H —bb

. . . ° =71 - . A% "t .
Search using associated production with W or Z bosons O
m:;?o:os
» Backgrounds from single boson, di-boson and top production
Z(vv)H(bb)
Multivariate analysis (BDT) discriminant used for signal extraction
e
s 107 CMS ® Data W(ixv)H(BD)
» 10° B~ /s = 7TeV,L=5.0 fb" Bl v+ ue 11209
£ oo (5= 8Tev,L=189 " () Background L . ;
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E 7% 0 50 100 150 200 250
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No evidence for H — bb yet (2.10) 9
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# Search in all possible di-tau decay modes

« Categorize di-tau events by S/B and mass resolution

H 9 1r

Search in di-tau mass distribution

Local p-value

—e— Observed p-value

....... Expected for SM H(m")
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Evidence for H — 77 (3.40)
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Higgs Mass Measurement

+ Precision mass measurement from H - ZZ* - 4land H - vy vy

+ Consistent measurements across channels

10 CMS fs=7TeV,L=5.1fb"; (s=8TeV,L=19.7f" \s=7TeV L=5.1fb"
S N AR CMS Preliminary \s=8TeV L=19.6fb"
ok :go?nr:izg?gat only) = = : ]
: —H—>ZZ—'.48 : : L I‘I1H=125.4i'0.8
8 —H —ZZ - 2e2uz o L
.f —H—=2ZZ—4u/ | S — Stat + Syst
A : E E \ Y . Stat Only
£ . af
< 5F = }
SV & : E
4t - | | -
' 1 3
3f =0 B
i ‘; o
1} \ : i
0 - I -1 IW | Y YT W N T T 1 R -
122 124 126 128 130 132 I
m,, (GeV) -
- 0- 1 L ... .'. 1 1 l L
124 125 126 127
Channel Measured G
e eas ms (GeV) My GeV)
d4e 1262713
2e2u 126.3797
4u 125.1+08 H — vyy: my = 125.4 £ 0.5 (stat.) = 0.6 (syst.) GeV

4¢ 125.6 + 0.4(stat) £ 0.2(syst) i1l '
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Spin-Parity Measurements

Measurement from H - ZZ* — 4], H - WW* = 212v,and H = y v

J" = 0" strongly favored by measurements

CMS fs=7TeV,L=5.1fb"Vs=8TeV,L=19.7 ft'

ﬁh llni;liliﬁﬁll

o o T T T 1t 2 2 2 2z 2 2
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Higgs Couplings
+ CMS coupling fits are based on preliminary results released Spring 2013.

» Updated individual measurements are available and consistent with preliminary
results.

1s=7TeV,L<51M" \s=8TeV, L1961’ Vs=7TeV,L<51f" ys=8TeV,L<19.7 "
Combined CMS Preliminary m, = 125.7 GeV CMS Preliminary
W=0802014| pg,, =065 Individual Results
H - bb V H— bb arXiv:1310.3687 ;
u=1.15%0.62 i(m =125.0 GeV) = 1.0+ 0.5 e —
 Ho e H—> Tt arXiv:1401.5041 x
W=1.10%0.41 ' u(m =125.0 GeV) = 0.78:+ 0.27 e }
|
H- vy H— vy HIG-13-001 : l
§=077+027 u(m =125.0 GeV) = 0.78+ 0.27 — |
12 : |
| | : |
CH— WW H— WW arXiv:1312.1129
W=0.68+0.20 u(m =125.6 GeV) = 0.72+ 0.19 = !
H-2Z H— ZZ arXiv:1312.5353
u=092%0.28 u(m =1256 GeV) = 093+ 0.27 e
laa g o s a gl s i ....l....i....l....
0 ToLs 2 25 0 05 1 15 2
CMS-PAS-HIG-13-005 ©Bestiitolog, Best fit /o,
Spring 2013 Spring 2014
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Higgs Coupling Measurements

« Strategy: narrow width approximation
oii - L'y
'y

+ Measurement: parametrize deviations wrt SM in production, decay, and total width

(0 -BR) (it - H— [f) =

+ Implies precise knowledge of the SM prediction

+ BSM acceptance effects are not considered

- T —
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Total Width Measurements

+ SM Higgs total width 4.2 MeV

# Indirect constraints in coupling fits
require assumptions

2 — I'm 2 _ 2 Bsm(H—ff)
N = FSHM R = z:f g 1—Bgsm

+ Measurements at the LHC

+ interference between 99 — H — vy
and gg — vy continuum results
in Higgs mass shift

« off-shell H* production

15
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o' ,1,x‘;..,\r
CMS-PAS-HIG-13-016

(s=TTeV L=5.1ft"

CMS Preliminary {s=8TeV L=19.6M"

[ —7+8 ToV (cbserved)
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- = FC 95% Upper Limit (expected) 4
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Total Width Measurements

+ Enhancement of cross section at 9 ——wwwz g —TWWZ 8 b o ‘ﬁiz
o . q q! q th D
high mass due to Higgs boson. — g Lz snl ,
~8 % in ZZ final state
: 10000 | g0 —» H — ZZ — £0vse, My=125GeV 12
# Can be used to constrain total 100 | PP V5 =8TeV —— |HP+|cont]? | B
2 = . _ ’H+Cont|
width 3 1 —— Hofshell
= i ---= Hzwa
&
N 001
r = Iy/TEM § |
T — - = 0.0001
2,2 < -
- _on—peak KgKZ _ | 1le-06 |
| 0gg—>FI)-I—)ZZ = T(U ' B)SM = }‘(0' ’ B)SM. ¢
1le-08 |
do'gg—)H—>ZZ F(mzz) |

(0.4
dm?,, gggHg%IZZ (m%, — m#)2 + mé %

da°ff’§’fakzz da°“_‘;fakzszM do°ff—peakSM  N. Kauer, G. Passarino, JHEP 08 (2012) 116
BT gy L — 33"”*22 F. Koala, K. Melnikov, Phys. Rev. D88 (2013), 054024
mzz Mee Mzz | J. Cambell et al, arXiv:1311.3589
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Events / 10 GeV

Total Width Measurements

CMS 19.7fb" (8 TeV) + 5.1 o™ (7 TeV)

Events /3 GeV

110 120 130 140 150
10} M (GeV)

0 I
100 200 300 400 500 600 700 800
m,, (GeV)

Events / bin

+ Combination of 41 and 212v final states

CMS 19.7107 (8 TeV) + 5.1 o (7 TeV)

* Data
All contributions (I, = 105", u = 1)
B ootV »2Z(r =I3".u=1)
B g 2Z
B Z+jets
[ top/W+jets/WW
.l wz

200 300 400 500 600 700 800 900 1000
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m; (GeV)

* Experimental constrain on total width using H* — ZZ

* Results: r< 5.4 (8.0 expected) or I'y < 22 MeV (33 MeV expected) @ 95%CL

CMS 197" (8 TeV) + 5.1 10" (7 TeV)
_El 10}~ 4 observed
< ........ 4[ expecm
o~ e 2U2v + 41 ODSEIVEd

-

%

8; o 22v+ 4, expected
| —— Combined ZZ observed

-------

s el d— c— — — — — — ——— —

TR I T
arXiv:1405.3455 'y (MeV)
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Higgs Couplings

2 .2
Kg " Ky

Kg

(0-BR)(gg = H—=vyy) = osm(gg = H) -BRsm(H — vy) -

+ Probing beyond the SM physics

* Simultaneous fit of all couplings with assumption on total width

« Searches for new physics in loops: Kk, &y BRpsum
« Fermion versus vector boson couplings: ky k¢

* Probing asymmetries: Awz, Aqy, Alq Azy

]
R

+ Qverall scaling of signal strength: u

18



Fermion Couplings

+ Does the Higgs boson coupling to
fermions?

+ Direct evidence for decays to
fermions. Combination H — rr and

H — bb channels

Channel Significance (0) Best-fit
(my = 125GeV) | Expected | Observed 7

VH — bb 2.3 2.1 1.0+0.5
H-— 11 3.7 3.2 0.78 £ 0.27
Combined 44 3.8 0.83 +0.24

arXiv:1401.6527
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Fermion Coupling Asymmetry

+ BSM models (e.g. 2HDM) show asymmetries between up and down type or
lepton and quark couplings

+ Explored in three parameter fits

P U

+ Down-type fermion coupling established ~40 TY = Ky
_y 5.0 R ey (52T LS8 (oYL 100L, Y L& AP e
= 5_ Ao an- Ky — Observed i = 5_ }"Iq’ Kg Ky 1— Observed 3
< . | ---- Exp. for SM H < C ‘|----Exp.for SMH |-
N 4.0 ) A N 4.0 / 7 .
" 35 5 Y =
3.0F 3.0F :
2.5 s 2.5[ =
2.0F : 2.0f =
1.5} 3 1.5} 3
1.0 : 1.0 :
0.5F s 0.5 3\ 3
0005 15 2 o T 2 3
}"du }“Iq

20



Fermion vs Vector Boson Gouplings

CMS Preliminary Vs=7TeV,L<51f" Vs=8TeV,L< 196"

« Contours for individual
channels and overall
combination

v

2 :

! + Assume ['gg =0
157

* Coupling to gluons and
photons resolved

+ Partial width scales either
: 2 2
with ky” or k¢, except I',,, =

2
| ey + By |




Fermion vs Vector Boson Gouplings

CMS Preliminary Vs=7TeV,L<5.1f" (s=8TeV,L<19.6 b 7 R AT
- - » Contours for individual
J e L N o
SM Higgs Fermiophobic Bkg.only | h
> CMSH > 49fb at7 TeV. 19.7 fb  at 8 TeV channels and overall
—~—
! } ° °
m, = 125 GeV | combination

+ Asgume FBSM =
1.5
+ Coppling to gluons and

°%5 0.5 iz 1.5 2.0



Probing BSM in Loops

+ Study effective coupling to gluons and photons
« Constrain total width assuming SM Higgs tree -level
Couphngs o 2.0 CMS Preliminary {s=7TeV,L<5.1f" Vs=8TeV,L<196 "
e B LR T L ]' Ty ryrTraTT ] LI TT-‘
: : v TUL :
+ Degeneracy of BRgg,, with gluon coupling from 18 e @ sm E
(ge—H) : @Bestfit |
55 1.6 —68%CL -
; foh s . . . -- 95%CL -
+ Direct search for invisible Higgs decays or total width =~ 14 ’ :
measurements not included 1.2F /’_\\ E
a— s N ]
CMS: Bysu < 0.52 (0.58 expected) at 95% CL 1OF ( N, ;
3 me f3%7ToV.Ls51R" (s«BToV.L<1960" 5 ocuswry fE=7TeV LZ518" E=8ToV.L< 1968 0.8 T N \ B
&? Orrrrrrrres peerrerre T’vr'vVVV?V_vvvvr~v::yTv~§ vvvvvv - 5.0pr e ey T \\ / ' .
X X BRos f 0 | ]S asf Mo | —Omee k 0.6F e ~———_— .
— AL oo Exp.for SMH | T :
25| FAREEl BT [l e o | 0.4F s
. | ' 3.5l E 5 ]
2.0F i : ! ] - N
: 3.0f : 0.2¢ .
! 2.5k :.‘ = 0' [ Lo s aaa | N Lo oo _
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Invisible Decays

CMS (H — invisible): B;,, < 0.58 (0.44 expected) at 95% CL

L 4 1 1 L l] L 1  § 1 T 77
Combination of VBF and

102 ZH, H— invisible CMS
3 ¥s=80TeV,L=189-19.7 i" (VBF+ZH)
107 5=7.0TeV,L=491"(ZH) Bt k] <0.89 @ 90K CL.

my = 125 GeV

+ Direct search for invisible Higgs

decays 10° . ey e

—— - XENON100(2012)
XENON10(2011)
) oAavALBRA
=== Mn S CoGeNT(2013)90%CL
—— Lattce () CoGeNT(2013)99%CL
D) CONS(2013y85%CL
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+ DM interpretation complementary to oy - 0
direct searches arXiv:1404.1344 DM Mass M,, [GeV]

* VBF and ZH production used to tag
events
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Generic Coupling Fits

s=7TeV.L<5.1fb" \s=8TeV.L<19.6fb"

CMS Preliminary W 68% CL
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K '
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......................... [ —————————————— . S———
BRBSMP [ KV < 1 ] pSM = (0.88
lllllllllIlllllllllllllllllllllllllllllllllllllll

005 1152253354455
parameter value
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+ Exploring all accessible Higgs decay modes

Yy

bb

Hadronic Tt
4|

3l

Same-Sign 2!

 Combination

CMS Preliminary

ttH Measurements

Is=7TeV,L=50fb";Vs=8TeV,L=1951b"

9

=== Expected = 10
--= Expected+ 20
--- Expected (sig. inj.)
-&- Observed

10 |
5% CL limit on o/og,, at m, = 125.7 GeV
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* Direct study of top Yukawa coupling

* Approaching SM sensitivity in 8 TeV data

ttH Channel L=0o/osm
(mpyg = 125.7 GeV)
vy —0.27%:3
bb +1.07579
TT —1.41"2:2
4] ~4.87%9
31 +2.7122
Same-sign 2l +5.312-2
Combined +2.5718




Rare Decays

H — Z~

CMS Is=7TeV,L=5fb"Vs=8TeV,L=19.6fb"
1600 > —e- Data H-Zy
1400 —— Background Model
— Signal m = 125 GeV x 75
> 1200
& - [+ 10
N _ [(J+20
2 500 ‘
c
S
& 600
400 ?
200

Pal

Po0 "Ti0 120 130 140 150 160 170 180 190
Phys.Lett.B726 (2013) my, (GeV)

CMS (H — Z7): p <9 (9 expected) at 95% CL

L

H—o~vyy—pu uy

CMS Preliminary ys =8 TeV,L=19.7fb " Hoy*youpuy

L ) I 1) | 1) l L ) v | A l 1 4 | L 14 ' L ) | GEEL) A l =]
> 60 ; -
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z 50 : 1
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QC) 40— i
> C i
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30— =
20 < 3
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: PR L 11 s 2 9o bl o 001l o 0000 4004
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CMS-HIG-14-003 M,y (GeV)

CMS (H = vy = putu~y): u <12 (8 expected) at 95% CL




H — pp

Rare Decays

¢ BRgy (H—pp)=22x10"

+ Excellent mass resolutions, tiny signal,

huge DY background

» Testing Higgs coupling to 2nd generation

CMS Preliminary Combination
_— 40 = NN DL AL L L R B BENL L RN S N B —
% [(5=7TeVL=50m" 5
T 35F(s=8TeVL=197m" -
z _F :
o 30p -
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0 :l l 4 4 L L l A A l L 2 A 4 ' l:
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CMS-HIG-13-007 m, [GeVic?)

CMS Preliminary  Analysis A 0,1-Jet Tight BB
) W5 = 8TeV ~cus

CMS Preliminary  Analysis A: 0,1-Jet Tight BO
) 5= BTaV ~o- s
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CMS Preliminary  Analysis A: 2-Jet VBF Tight CMS Preliminary Analysis A: 2-Jet GF Tight
o~ T L4 T ~ T T L
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CMS (H — pp): p < 7.4 (5.1 expected) at 95% CL
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BSM in Higgs Sector

“ Is there BSM physics hidden in the “Higgs sector”?

* Experimental post-discovery approach

+ Measure (126 GeV) Higgs properties
# Search for additional Higgs bosons
* Search for BSM in signatures with Higgs bosons

+ Search for BSM Higgs Higgs decays

29



Conclusion

+ Wide range of Higgs production
and decay channels studied in CMS

+ Signatures of the Higgs boson
compatible with the Standard
Model

* Interpretations in numerous BSM
models possible

* Future precision measurements
can unveil its true nature

X/
0’0

Finalizing Run I Higgs results

* Preparing for Run II and beyond

30

CMS Preliminary {s=7TeV,.L<5.1f0" Vs=8TeV,L< 19.60"
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Higgs to Bosonic Decays

CMS Experiment at LHC, CERN

Data recorded: Mon May 28 01:35:47 2012 CEST
Run/Event: 195099 / 137440354
Lumi section: 115

4-lepton Mass : 126.9 GeV

u*(Z,) py: 43 GeV

e(Z,) p;: 10 GeV

e*(Z,) p; : 21 GeV
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Higgs to Fermion Decays

CMS Experiment at LHC, CERN
Data recorded: Sun Nov 25 00:15:46 2012 CEST
Run/Event: 207898 / 97057018

l
T~4_Muon: p; =31.9 GeV

.

\\\\\\

~F

~'-;~-.~../ "; ‘,....\.f.-..’ Jet: p; = 36.3 GeV

Tau: p; =44.0 GeV

M., =120.3 GeV
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Backup on Production Kinematic

CMS Vs=7TeV,L=51fb" Vs=8TeV,L=19.7 b
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Backup on ATLAS vs. CMS Higgs Summary

AL Sk Inclusive o =lgnal Spin/

Channel Lumi Lumi Specialty signature | Obs. (Exp.) mass [GeV] | Strength P:rit

[1/fb] [1/fb] 9 AL u y
4.6+20.7 | 5.1419.6 | mass, 6.6 (4.4) 12492 05 ol Firii0/5:014 J

H=2Z2Z - 4l . discovery, 4 leptons
ATLAS-CONF- Xiv: , , 125.6 +0.4 (stat)
2013-012 1312.5353 spin/parity 6.8 (6.7) +0.2 (Sy; 4| 0.93+0.29-0.25 J
4.6+20.7 | 4.9+19.5 Cl'O.SS 2 leptons, 3.8 (3.7) consistent 1.01 = 0.31 \/
HWW=212v | e conel  ariv: section, MET
2013-030 | 13121129 | coupling 4.3 (5.8) 1254 LU R L S
4.8+20.7 | 5.1+19.6 | mass, 7.4 (4.3) 1260205 1 4 65:033-028 |
H- vy atLAs.conE. | cms.pas. discovery, |two photons 125.4 +0.5 (stat)
2013-012 | HIG-13-001 | couplings 3.2 (4.2 £0.6/(8ys)e | o 0eeBe 0200
4.7+20.3 | 5.0+18.9 | total width, = consistent 0.2 +0.7 =
H = bb _ _ . coupling to | two b-jets _
| B 24(21) | consstent | tosos |
i 4.1 (3.2 -
|-|-) 4.9+19.4 oinlings hadronic (3.2) : 1.4 + 0.5 - 0.4
e arXiv: to leptons taus,
1401.5041 P leptons, MET| 3.4 (3.6) 1227 0.78 + 0.27 »
ATLAS masses updated
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Backup on Prospects on Gouplings

Kg, Ky, Kzy: l0Op diagrams = allow potential new physics

Kw, Kz: vector bosons CMS Projection
. = - 1 | [ 1 1] 1 1] I 1 1 1 1 ] 1 1 1 1] ] ! L
Kt; Kb: Up and dOWﬂ type quarks Expected uncertainties on F—1 3000 fo'at §5= 14 TeV Scenario 1
KT, KU Charged |epton8 Higgs boson couplings F—1 3000 f"at 5= 14 TeV Scenario 2
total width from sum of partial widths 1 | o
“r ' ‘ precision
Kw | | measurements
Assumptions on systematic uncertainties Kz —
Scenario 1: no change Ko
Scenario 2: A theory / 2, rest o< 1/,JL b
Kt
K; i
. . . Il 1 4 ] 1 ] | 1 L L . | ! L 1 ] | ’ 1
coupling precision 2-10 % 0.00 0.05 0.10 0.15

factor of ~2 improvement from HL-LHC expected uncertainty

L(fb~) Koy KW K7 Kg Kp Kt Kt K7y Ky
300 [5,7] | [4,6] | [4,6] | [6,8] | [10,13] | [14,15] | [6,8] | [41,41] | [23,23]

3000 12,5] | [2,5] | [24] | [3,5] | [4,7] 7,10] | [2,5] | [10,12] | [8,8]
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