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7-leptons & LHC Higgs physics

* With 1.77 GeV the heaviest known lepton.

Ve, Uy, d

Decay Mode BR [%)]

eVl 17.83
Tz 17.41
1-prong v, 37.10
3-prong v, 15.20

““~Higgs BR + Total Uncert
SRR
[ ~

* One of the big five in the investigation of the
Higgs sector @ low mass.

Channel Resolution

H — vy 1-2%
H—~ZZ 1-2%
H—WW 20%
H —bb 10%
H =717 15%

Branching ratios
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M, [GeV]
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7-leptons & LHC Higgs physics

e
ATLAS Bl VH — Vbb (u=1.20)
{s=13TeV,36.1 10" i
Single t
0+1+2 leptons M'S[ct’ijito')
i _ I W+(bb,bc,cc,bl)
2+3 jets, 2 b-tags Wacl
W+l
M Z+(bb,bc,cc,bl)
Z+cl

Events / 0.25

arxiv:1708.03299

Pull (stat.)

B i s oo B U T S A P B
-35 -3 959 i {5 : 0.5
Iogm(S/B)

36/fb @ 13 TeV highly sophisticated
analysis leads to|3.6 o|evidence.

(ﬁannel Resolution

HY% vy 1-2%
HY ZZ 1-2%
H Y WW 20%
NP 10%
H =717 15%



https://arxiv.org/abs/1708.03299
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7-leptons & LHC Higgs physics

359" (13 TeV)

e
24

LI L L B B B B T T T

o-Data '
ATLAS Bl VH — Vbb (u=1.20)
s=13TeV,36.1 fb" i
Single t
0+1+2 leptons MIS ﬁ’i thOP
i € mm W+(bb,bc,cc,bl)
2+3 jets, 2 b-tags Wacl
W+l
M Z+(bb,bc,cc,bl)
Z+cl
Z+ll

Events / 0.25

arxiv:1708.03299

M
0 0.5
Iogm(S/B)

—_
i
]
3
0
L
S
o

36/fb @ 13 TeV highly sophisticated
analysis leads to 3.6 o evidence.

Channel Resolution

H — v~ 1-2%
H—Z7
H—-WW

H — bb

-k
)

73: Events

03

708.0

i

0-jet

: [
1;—D

Bkg. unc.

‘cMS

e Preliminary

|:| Boosted

— H—1t (1=1.06)

-+— Observed

0000 —o= T
ONBDO VA DO —]

EEEE L L LT

——— (Obs. - bkg.)/bkg.
—— (H—1t)/bkg.

[ Bkg. unc.

05

10g(S/(S+B)) §

g 25

-2

-0.5

0

log(S/(S+B))

36/fb @ 13 TeV highly sophisticated
analysis leads to|4.9 o|discovery.



http://arxiv.org/abs/1708.00373
https://arxiv.org/abs/1708.03299
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7-leptons & LHC Higgs physics

Th

* Difficult to identify hadronic 7-decay

with high purity (- see next slides).
* Difficult to identify b quark initiated
jets with high purity. * Background that is most difficult to

separate: Z— 77 (- well under
b quark production in QCD quite control).

common in hadron collider. _ _ _ :
* Leptonic nature easier to identify/

|dentify signal in presence of tag.
overwhelming background.

Reduce event rate during data taking.
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Di- 7 final state

* High mass allows for decays into hadrons:

17(:'1 ‘,_j.“.-v d N Y L
W e LW, RS
- -7 Six decay modes:
= y ThThy UTh, €Th,
T Decay Mode BR [%)] T el
eVels 17.83
Tz 17.41
1-prong v, 37.10 * Search for 2 isolated high pr
3-prong v 15.20 leptons (e, 1, 714).

* Reduce obvious backgrounds (- E7).

* Reconstruct discriminating variable,

related to di-7 final state: m.,,, myis,
m5t BDT,
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Di- 7 final state

* High mass allows for decays into hadrons:

Y

Six decay modes:

ThThy WTh, €Th,

Th

eft

Ve, Vy, d
e i U
Decay Mode BR [%)]
eVl 17.83
UV, Uy 17.41
1-prong v 37.10
3-prong v, 15.20

~90% of all di-7 final states
contain at least one 7,.

e Search for 2 isolated high pr
leptons (e, 1, 7).

* Reduce obvious backgrounds (- E7).

* Reconstruct discriminating variable,

related to di-7 final state: m.,,, myis,
m5t BDT,
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—— R A — What we want to know:
Reminder of CM S ®q (pr 71 ¢ )+ particle type (m) from
—~ . ."'J — . ' ¥ each particle that emerges the
Z * ft T | " | collision.

B AT SO
muon system

e .:."i.';l.‘

F

-

Stable particles:
,77 67 /’L7 n? p? ﬂ-:l:? K:i:
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Particle reconstruction @ CMS tH

. HCAL :
* Combining all energy A Clusters

deposits in the detector “
to obtain a unique event neutral

description. hadron |

arxiv:1706.04965

charged
hadrons Tracks
I§ F
=, 241 O ol
o I ECAL :
-2.451 cluster X
: ECAL
2.5 crystal
-2.55 E_ Tracks 'lﬂﬁ
- bent : Tg * Unambiguous list of stable particles:
2.6 along ¢ i
: : muons, electrons, photons, charged
r m
-2.65F X o & neutral hadrons.
-2,72— 2 photons u]
- from the m°
- 5_"\III|\III‘II\I‘IIIIlI\IIlI\IIl\III‘\IIII\I
0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05
n



https://arxiv.org/abs/1706.04965
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Particle reconstruction @ CMS

. Combi_nin_g all energy ,‘\ 0 f
deposits in the detector | /
to obtain a unique event ~ neutral )
description. hadron | ¢
7 1
g 7 J
| /l photon

charged
hadrons
il
2=, -2.4F KoL
e
-2.45
250 HCAL
- cluster
-2.55;
260
-2.655— +«— HCAL Tower
C (25 ECAL|crystals
2.7 underneath)
-2_75£|‘HIJIHH|1 sl e bva e boaa by
0.65 0.7 0.75 0.8 0.85 0.9 095 1 1.05
Ul

Particle Flow:

HCAL
Clusters

Tracks \

arxiv:1706.04965

* Unambiguous list of stable particles:
muons, electrons, photons, charged
& neutral hadrons.


https://arxiv.org/abs/1706.04965
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Hadronic 7-decay

* Start from anti- krclustered jets of particle flow
objects with opening parameter of 0.4.

. . Hadron + Stri
* Require one or three high pr charged hadrons p Three Hadrons

(- prongs).
single
Hadron
CMS Simulation
I

I+

hth*ht | 0.00 0.01 0.97 19.7 fb™ (8 TeV)

x10°

: CMS —— Observed
[JZ — t: h'h'h*
[JZ — 1t h'nls

\o}
(O)
o

200 — i
wws| 009  0.83  0.02 H - wh
it
150 [ Electroweak
B 7 [ Multijets

Uncertainty

Reconstructed t decay mode

el 0.91 0.16 0.01

h hn0s hh*he
Generated t decay mode

=
o
o
III|IIIN‘NIII|II

(&)
o o
I

o

0.5 1 15
m, [GeV]

arxiv:1510.07488  dN/dm, [1/GeV]

* Apply ID criteria to increase purity.



https://arxiv.org/abs/1510.07488
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,-ldentification

* MVA based 7, -identification: energy deposits
close to 7-candidate + impact parameter

information on prongs.

* Discrimination against muons and electrons.

Mis-ID probability
o

1072

CMS Simulation Preliminary

R

- p:" >20GeV,n_|<23
h
13 TeV, 20 pileup at 25ns

Efficiency : H —» 1t MC
Fake rate : QCD multi-jet MC (20 < P, < 100 GeV)

—¥— cut-based
— MVA-based

L1 |

L T | T L Lo P Ll

L 1
0.4

0.5 0.6 0.7
7, identification efficiency

* Predefined working points used in analyses.

CMS-PAS-TAU-16-002

CMS Simulation Preliminary

> 1 [ LT R TR T T S R R
CCJ I —e— VLoose B
o 1; = Loose 13 TeV, 20 pileup at 25ns
IS 0.9 F —+ Medium ]
= 0.9¢ ]
© : -
c 0.8 :
ie = ]
-'g 0.7 3 |
= 0.6 .
= g ]
o 0.5F 7
el et |
< 0.4 .
> E ]
0.3} =
0'2? Z > tmtMC |
0. C ] e ol e e e i
20 40 60 80 100
p? (GeV)
CMS Simulation Preliminary

> [ ) T ) ‘ T T T I T T T | T T T ‘ T T T ]
E 3 -s-VLoose ]

o] | 13 TeV, 20 pileup at 25ns s LOOS.e
o 10_1 = -+ Medium |
o g —~ Tight E
= - VTight ]
SiE B 2 o VWWTight ]
D £ *_h:* e ]
_(ID 10_2 E :HVHHVA:_‘_:_._(»_._‘ ***"‘—0—« =
oy F e HVJ_‘_‘ e i E
> s e G R S MRS =
- ’_O_t_o_‘ e A o .
I ¥y L L i
B i ¥ ¥ ik +++ i
o EalEs SR S5 5
-3 O Y ? i
10°F R STOHIRE. R0
10 QCD multi-jiet MC (15 < p_ < 3000 GeV flat)-
: 1 J 1 L L | ] 1 | | 1 1 7

o

20

40

R
60 ,gtO 100
pZ (GeV)



https://cds.cern.ch/record/2196972
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SM H — r7analysis
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SM H — r7analysis

* Based on 36/fb @ 13 TeV, ery, utn, 7h7h, € channel.

 Statistical inference of signal based on 1D and 2D
likelihood discrimination, depending on final state
and event category.

0-jet 1-jet boost 2-jet VBF

M5 VS
ety T, decay
mode

Myis VS
LT 75, decay
mode My VS Mrr VS

pr(T7) mj;
ThTh m-, (1D)

Myis VS

e
pr(p)

arxiv:1708.00373


http://arxiv.org/abs/1708.00373
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SM H — r7analysis =
CMS Simulation 13 TeV
— >
Q H jet, ‘D
 Based on 36/fb @ 13 TeV, ery,, /iTh, ThTh, i channel. e f99—rr (o 2
oy ©
© z
* Statistical inference of signal based on 1D and 2D = 8
likelihood discrimination, depending on final state Z ;e’
and event category. s
0-jet 1-jet boost 2-jet VBF e
Myis VS
m,, (GeV)
ety T, decay
mode
lyis VS CMS Simulation 13 TeV
UTh Th, decay 2 z
mode My VS Mr7VS g é
pr(T7) mj; © %‘
ThTh m-, (1D) % E
+ o
= o
el Myis VS =
pT(’J’) o)
arxiv:1708.00373 -
m,, (GeV)



http://arxiv.org/abs/1708.00373
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SM H — r7analysis

CMS Simulation 13 TeV

— 400
>

* Based on 36/fb @ 13 TeV, ey, uth, Th7h, e channel. 8 3505_ ggH—r (boosted, ut )

E+ 5
Q 300

 Statistical inference of signal based on 1D and 2D
likelihood discrimination, depending on final state
and event category.

250;
200;
150;
100;
O-jet 1-jet boost  2-jet VBF o

Myis VS
ety T, decay

m.; (GeV)

Probability density

mode

Myig VS CMS Simulation 13 TeV
UTh Th, decay

mode Mo P VS Mo VS

pr(77) M5
ThTh m-, (1D) 1

Myis VS

RN

arxiv:1708.00373

m.. (GeV)

Probability density



http://arxiv.org/abs/1708.00373
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SM H — r7analysis
CMS Simulation 13 TeV
;1800 [ -o?
« Based on 36/fb @ 13 TeV, ety iTh, ThTh, ep channel. G ool BT ) 2
= [ ©
L >
- Statistical inference of signal based on 1D and 2D i =
likelihood discrimination, depending on final state s S
and event category. 1000 [ =
800 |-
600 |-
0-jet 1-jet boost 2-jet VBF soof-
Myis VS B ETTEED 200
eTh T, decay m.. (GeV)
mode
Mlyis VS CMS Simulation 13 TeV
~—1800
JUTH, 7, decay | > [ Zotc (VBF, pt) foie Z
mode M7 VS MyrVS 9._1600 F . é
PT (’rfr) T4 1400 F E’
ThTh m,, (1D) I 12005 g
- o
1000 B
e Myis VS sk
pr () :
600_
arxiv:1708.00373 400}
m.. (GeV)



http://arxiv.org/abs/1708.00373
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Background estimation

: from simulation w/
corrections from data.

Events

Obs./Bkg.

Events

Obs./Bkg.

CMS 35.9fb' (13 TeV) 0 it
< g0l QCD CR (0S, 1, non iso.)
g’ 7,7, 0 jet
70
+ Observed Z>1T w 60
50
40
Z—pplee tt+jets 30
20
10
I Wijets QCD multijet Y
212
o
S
8
IOthers DBkg. unc. O 08
10° 10°
e T it @ T it
QCD CR (0S, p non iso.) c °f QCD CR (0S, p non iso.)
10 p.tn,l) jet g) 3f Mt boosted
e 1] ——
8 25
2
6
e 15 —
4 .
[ == ==
2 sy e
0.5 — ]
R
ol I ok
1.2 212
1 Q =
BT o @ ——
08 S 08
50 100 150 200 50 100 150 200
™ (R2a\N -~ [TaPNVAY
10° @ 10°
251 W + jets CR (m >80 GeV) Z %% W+ jets CR (m >80 GeV)
ut, 0 jet o ! ut , boosted
i > 1ef b
Lu I
1.2 %’ 1.2
1 S
(2}
08 S 08

Events

Obs./Bkg.

Events

Obs./Bkg.

Events

Obs./Bkg.

50

30

20

10°

QCD CR (0S, 1, non iso.)
,7,, boosted

1.2

0.8

1.4

10°

QCD CR (OS, e non iso.)
er,, 0 jet

1.2
1 ——]
W =
0.4
02 ——
e
0 .
1.2
1 - |
0.8 +
50 100 150 200
m  (Ra\N
10°
141 W + jets CR (m >80 GeV)
12} €T 0 jet

©® . Mo M A o @

=}

Obs./Bkg.

Events

Obs./Bkg.

500 @CD CR (OS, e non iso.)
et,, boosted

400 ——
300
200 -ﬁ
—
100 j— ﬁ
0 .
1.2
1 e _+_
0.8
50 100 150 200
-~ [TaPNVAY
10°
10} W + jets CR (m1>80 GeV)

et,, boosted

Top-pair production:
from simulation,
normalization from
control region in fit.

QCD: from events w/
same-charge of di-7
pair or anti-isolated 7.

W+jets: from simulation w/
corrections from data &
controlled during fit.
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O-jet  1-jethoost 2-jet VBF

Illyis VS

O b S e rvati 0 n et 7, decay

mode

[}

Illyis VS
HTh 7, decay

* Selection of (“unrolled”) input distributions for statistical i T
inference: pr(er) M

ThTh Wy (1ID)

Myis VS

el
pr(p) Y

CMS er,, 0 jet 35.9 b (13 TeV)

< | I : : : I : ! i + Observed
‘O 10* E1 prong : 1 prong + nt° : 3 prongs
B : : - H—-tt (1 =1.09)
e
=5 -0~ Z>1T
2 10 -
Lﬁ . Z-uplee
- ti+jets
10 . Wijets

: QCD multijet
10 - Others
|:| Total unc.

= H-71 (1 =1.09)

_+_ Obs. - bkg.
Bkg. unc.

— Hott

Bkg. unc.

o
S
<5 |:| Bkg. unc.
o
=
e

(Obs. - bkg.)
Bkg. unc

110-400 44— :
100-105
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O-jet  1-jethoost 2-jet VBF
= Tyig VS - i
Observation en ey |
mode
Myig VS
* Selection of (“unrolled”) input distributions for statistical S s s s
inference: pr(rr) T
ThTh Wy (1ID)
Myis VS
i pr(p) Y 4
CMS e, 0jet 35.9fb" (13 TeV)
' ' : : = | : : . : : —4- Observed
1 prong : 1 prong + n° : 3 prongs
: : - H—-tt (1 =1.09)
10* z

3 - Z-pplee
10 ; :
: : - ti+jets
' : . Wijets
QCD multijet
- Others
|:| Total unc.

= H-1t (1 =1.09)

_+_ Obs. - bkg.
Bkg. unc.

Events/bin

102

. — Hott
ONMOWOWOWOMOOOMOWOLOWWO O O OSOLLOWOoOWmOoOwWOo o
= DORNDXDPDOOT-TODOORNDODD OO — NNO®®OHDO OO
cCowowowo T T T YToowdwowo T T T T HLowowo T TTY Bkg. unc.
OORNODOOIDLOWHWO OORNDODDOOOW O ORN®DO®WOW O
» S S = » SO~ SO v
e = = =
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Observation

0-jet

1-jet boost

2-jet VBF

Myis VS
e 7, decay
mode

* Selection of (“unrolled”) input distributions for statistical
inference:

Myig VS
Wy, 7, decay
mode

ThTh | me (1D)

Myjs VS

el
pr(p)

[}

My V8
pr(rT)

[}

My VS
mj

35.9fb' (13 TeV)

CMS

7T, 0 jet

10° 3

Events/bin

10? 3 -

10 F =

DO =

(Obs. - bkg.)
Bkg. unc

+ Observed

B =1.09)
Z>11

- Z-uplee
tl+jets

. Wijets
QCD multijet
Others

I:l Total unc.

= H-11 (L =1.09)

Bkg. unc.

— Hott

Bkg. unc.
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O-jet  1-jethoost 2-jet VBF
1 Mhvis V8 5 5
O b S e rvatl 0 n et 7, decay
mode
Nlyis VS
* Selection of (“unrolled”) input distributions for statistical e
. MrrV8 MrrVS
inference: prler) M
ThTh Wy (1ID)
e Myis VS
! pr(p) Y Y
CMS ey, 0 jet 35.9 b (13 TeV)
£ : : : i ! : j i . ! : : . : : —4- Observed
Yo 15 < p_ (1) <25 GeV 1 25 <p (1) <35 GeV  p.(1) > 35 GeV
B 10 : : - H—1t (1 = 1.09)
E Z>1tT
G>_) 1 03 - Z-uplee
L
102 [ tisjets
. Wijets
10 QCD multijet
. Others
|:| Total unc.
107" — Hoste (u = 1.09)

_+_ Obs. - bkg.
Bkg. unc.

—  Hotr

100-400 - LR

,+, l Bkg- unc.
OWOoOWOWOoOLwOoLwo O OWOWOoOLWwOoLwWwOoOo LOWOWOoOWwOoLwOoOo
DWOONNWD®DD DO OHDWOORNNODO®D®D OO DO ORKNN®D®O®DDS O
5 eiing Uy B il Sl e % w8 ) SaEs M e e S e Bkg. unc
CoOWOoOWwOowWwOoLwOor CoOWwOoOWOoOWOoOwOo T Y owowowowo T Y g. unc.
LDWOONKNDGDD 0 ODWOORNG®DODD WO LDWOORNODODOD W O
o o S o S
- -
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Observation

0O-jet

1-jet boost

2-jet VBF

Myis V8
e, 7, decay
mode

* Selection of (“unrolled”) input distributions for statistical
inference:

Myis V8
HTh 7, decay
mode

ThTh Wy (1ID)

Myr VS
pr(r7)

[}

MyrV8

[
o
w

[
o
N

—F—rr—— —_—r—r—r —_————

- Z-uplee
- ti+jets
. Wijets

QCD multijet
. Others
|:| Total unc.

= H-1t (u = 1.09)

_+_ Obs. - bkg.
Bkg. unc.

—  Hotr

Bkg. unc.

|:| Bkg. unc.

el Myis VS
pr(p) Y
CMS ut , Boosted 35.9 fo (13 TeV)

E T T ; T . J y j + Observed
e . 0<pT<100GeV :100<py<150GeV: 150 <p* <200 GeV : 200 <p" <250 GeV : 250 < p:* <300 GeV : p* > 300 GeV
B 10 - : : : : - H—-tt (1 =1.09)

e

c Z1T

o

>
L
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Observation

0-jet

1-jet boost

2-jet VBF

Myis VS
7, decay
mode

ETh

* Selection of (“unrolled”) input distributions for statistical

inference:

Myig VS
7, decay
mode

HTh

ThTh Wy (1ID)

Myjs VS

el
pr(p)

CMS T.% VBF 35.9fb' (13 TeV)
= 3 - : : ' ! : - : = : . - = I ' : : i ! = - ' :
o) F0 <m. <300 GeV : 300 <m. <500 GeV 1 500 < m. < 800 GeV :'m. > 800 GeV
= > ] : )] : ] : ]

v 100 F : 3
9 :
- :
GCJ b : f’.! -
W 1wfE +* I I*f AL '1“'*— +=+
1K 4
ol [llj]
/\_ | R L E-r=1-3 ||||! =311 | R i L ||. I =0— 0} =1 1) |!
9ls T
215 :
1% K .
olx p e
Om el ol=Hollcafloclcol=-Rel-Rollofclcle-lolcol-RoRoll-Bolofc-B-RcolsHoloafolc-flolcalcllolcl Mool Ml
OO0 oo® ey g Sl Ol o e Tn T CGLEGLS Siel S O Faiiay e mn NG Sl S © © Tarte T T n OF O
S OM~RO0DODO O 0O D =000 0 00 00O S OM~MDOOCOO OO D SO0 0 00000 O
oSl oleS =il A=l Al o T oS
m.. (GeV)

+ Observed
B =1.09)

Z>1tT

- Z-uplee

tl+jets

. Wijets
QCD multijet
Others

I:l Total unc.

= H-11 (L =1.09)

Bkg. unc.

— Hott
Bkg. unc.

|:| Bkg. unc.
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Results

* Combined ML fit to all distributions in all event categories:

-1 -

7 35.9fb™ (13 TeV) CMS 35.9 b’ (13TeV)
-.(210 T =11 | T | I B | I 11 T I | B | T T I T T | O | I 1 LI I? g 1§| T TT | T 1T T 1T T 1T LI | T 1T | UL | T TT IE
o . CMS 16E —#— (Obs. - bkg.)/bkg. . (O F 1.0.1
10 Preliminary 14F — (Hoo)bkg. 173 107 5

O; ] Bkg. unc. g 3 E‘ E — Observed 2(5E

5 : i (4v] B N

19 §§ E 9102 - Expected =
i3 o= ¥ I | | C .

10* 5 = 05 = i i e ) i 300
] log(S/(S+B)) 3 107 E
103_E E 10—4; ;
10°F = = B
E |:| VBF l Boosted E 10 % g

10 B ]

EE |:|0-]et — H—11 (1=1.06) E; 1078 -

1:E DBkg. unc. +Observed E: 1077.:;- ----------------------------------------------------------------------- :

10_l3‘ - L2|5I - I_I2I o I_1IE; _1 _05 0 El L 11 | | | | L1101 I L1 11 | | I | | L 11 | I I L 11 |E
; i : 105 110 115 120 125 130 135 140 145
log(S/(S+B)) my (GeV)

* Largest significance @ 125 GeV 4.9(4.7)c.

* 5.9(5.9)c when combined with the LHC run-1 result.
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Results

* Consistency across production modes (left) and final states (right):

35.9fb™ (13 TeV) 35.9 b (13 TeV)
S PR P T P IO TP RN FRTS FETE el
. CMS | CMS
B O-jet | B T Th |
u=084 *083 y=1.36 4049
B Boosted | B HT |
n=1.7 2047 K114 0
VBF ] e, i
i put 11402 i g n=058 *9.80 1
Combined eu
u=1.00 1027 h=0.68 1y
i 7 i Combined
u=1.09 *927
| L | L L L L L L | L L | L L L L
0 2 3 0 2 3
Best fit u = Best fit u =
est fit p G/GSM est fit u G/GSM
0.27

* Overall signal strength: p = 1.09+ 54

* Largest uncertainties equally shared b.t.w. template population, systematics, statistics
(O(13%) ), theory uncertainty O(10%).
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>|> i — T —
S 1F ATLAS and CMS

Conclusions part-I < | LHC Aun
> 107 E
* First single-channel, single-experiment > 50 E.& :

observation of coupling to fermions.

©

© 102 E

N

N

=) ¢ ATLAS+CMS ]

8 Ly SM Higgs boson |

© — M, g] fit E

a [ 68% CL

= [ 95%CL

= °

= e E
107 1 10 102

Particle mass [GeV]



http://arxiv.org/abs/1606.02266
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Conclusions part-I

* First single-channel, single-experiment > 50
observation of coupling to fermions.

* Major source of Higgs boson events @ 125 GeV (e.g. for
study of dedicated final states like VBF).

Decay /s =8 TeV, 20 fb~! Vs =13 TeV, 300 fb~1
Channel inclusive inclusive g9 —H q—H WH ZH ttH
~y 1k 37k 32k 2,5k 1k 750 375
47 50 2k 1,75k 140 60 40 10
Ww bk 200k 175k 14k 6k 4k 1k
bb 250k 10 000k 8 750k 700k 300k 200k 50k
TT 30k 1000k 875k 70k 30k 20k 5k
i 100 3.7k 3.2k 250 100 70 30

based on o - BR before reconstruction
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Conclusions part-I

* First single-channel, single-experiment > 50
observation of coupling to fermions.

* Major source of Higgs boson events @ 125 GeV (e.g. for

study of dedicated final states like VBF).

* Only unbiased environment to measure CP of the Higgs

boson:

37}4

JCP =0Tt

/X H

.
U
' ‘
.
1

Il 4

@)
-y

T4  JOP =0t dr
A8 B SR
—AS - i
T»ﬁ:’, - :,, \d T + '::

f |y pvi
S

P = (_1)L+1

C = (_1)L+S

CP = (—1)°*!
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Conclusions part-|

* First single-channel, single-experiment > 50
observation of coupling to fermions.

* Major source of Higgs boson events @ 125 GeV (e.g. for
study of dedicated final states like VBF).

* Only unbiased environment to measure CP of the Higgs
boson:

* Prime source to search for non-trivial extended Higgs
sectors (— e.g. in SUSY, see next slides)!

Standard particles SUSY particles

Higgsing

Higgs

| Quarks . Leptons . Force particles Squarks O Sleptons Q SUSY force
particles
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MSSM H — 77 analysis(*)

Standard particles SUSY particles

) Quarks . Leptons . Force particles Squarks () Sleptons - Surﬁg‘:urce
pal s

(*) as proxi for a well motivated THDM extension of the SM
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Higgs Bosons in the MSSM

* Any 2 Higgs Doublet Model (2HDM) predicts five Higgs bosons:

¢+
qbu:(q;é), Yy, =+1, wv,: VEV,

0
qbd = (iﬁ) 3 Y¢d = —1, Vd - VEVd
d

Nndof =8

* Strict mass requirements at tree level:
two free parameters:ma, tan 8 = vu /v,

— 2 2
Mg+ =My + My

> ;
¢ 500
400
L = ;
£
2001
100 5 |
---------------- = -wwww---
80 ; ; :
70
VA i i i ;
50 60 100 200 300 400
m, [GeV]

—(m% +m%)sin 23

m¥y ., =3 (mi +m? + \/(mi +m2)* — 4m4m2 cos? 26)

(m% —m?) cos 26+\/(m?4+m2z)2—4m?4m2z cos? 2[3

a : angle between H and h in mass matrix
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Mass of observed Higgs Boson and tan 3

4 2 2 2 >
2 3 mt .E Xt Xt 8 500 ......
m,———5 |In|l—=]+-—=|1- 5772 S
(47r) U my m; m; £ 400
L
S

* 30% of my due to higher order corrections. 3001

» Following factors help to increase my,: large my, | 2001
large m; , large X, and large tan 3.

Xt =my (Ar — pcot B)

100 -
80
» Strict mass requirements at tree level: o s
two free parameters:m, tan 8 = vu /o, 50 . NMssMLO
- — 5060 100 200 300 400
Mg+ =My + My m, [GeV]

m¥y ., =3 (mi +m? + \/(mi +m2)* — 4m4m2 cos? 26)

—(m% +m%)sin 23

(m% —m?) cos 26+\/(m?4+m2z)2—4m?4m2z cos? 2[3

tana =

« : angle between H and h in mass matrix
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Special role of down-type fermions

avv /9y Guu/Gau| 944/ 933"
A — ~s5 cot 3 ~5 tan 3
H cos(f—a) —0 sina/ sinf — cot g cos o/ cos f— tan
h sin(f—a) —1 cosa/sinff — 1 —sina/cos f— 1

For ma > mz:a — B — w/2 (coupling to down-type fermions enhanced by tan 3).

Production modes: Decay channels:
< 1
>< g
0 g
s L
% 105
102H,
g b 10°
Q0000000 p—e——
| nHA L
= = = = = = = 10* E_" ...... 7 RN, SR — == --mA.—_180GeV
g ‘ b - : — — m,=300 GeV
B 10_571 5 ; m,=500 GeV
gg — ¢bb (“bbo”) 0 20 40 60
tanp

€-OMSXHOH



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMNeutral

27/46

History of MSSM H — 71 searches @ CMS

CMS Publications (2011 - 2017)
o 60 LA
c ¥
8 s0f
40 i |II 'I“ )
30 - '."‘ H‘"‘--—h____,___ m,=126 GeV
20+
qn}|_=125 GeV
10—
9 : Observed exclusion 95% CL
3 : RN . m-122Ge sssiies  Expected exclusion 95% CL
6 Tl Tevatron '
51
4t
MSSM mr>fm e
100 200 300 400 1000 2000
m, [GeV]
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History of MSSM H — 71 searches @ CMS

CMS Publications (2011 - 2017)

tanp

m,=126 GeV

20+
m,=125 GeV
10—
g B \:l Observed exclusion 95% CL
s —  Expected lusion 95% CL
71 “. me122Ge 7 xpected exclusion
~~ ()
6 - Tevairon ‘
5 PRL 106 (2011)", 36pb”, 7TeV
4
o mod+(**
MSSM ™ /m; "
1

100 200 300 400 1000 2000
m, [GeV]
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History of MSSM H — 71 searches @ CMS

CMS PFublications (2011 - 2017)

tan

m, =126 GeV

: Observed exclusion 95% CL

sssiies  Expected exclusion 95% CL

-~ Te\.r«a\tron"J

PRL 106 (2011, 36pb”, 7TeV

PLB 713 (2012)", 4.6fb", 7TeV

£ g O N 0Owo
I
Jul’
=
;7
n
(%]
7]
@

" od+(**
MSSM m > m7 e
|

h 1

100 200 300 400 1000 2000
m, [GeV]
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History of MSSM H — 71 searches @ CMS

CMS PFublications (2011 - 2017)

7
/

tanp

m,=126 GeV

\:l Observed exclusion 95% CL
s Expected exclusion 95% CL
- Tevatron”
PRL 106 (2011)”, 36pb”, 7TeV
PLB 713 (2012)”, 4.6fb", 7TeV
[ ] sHEP 10 (2014)7, 256", 748TeV

B OO N ®OO
i/
!
N
o)
@

100 200 300 400 1000 2000
m, [GeV]
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History of MSSM H — 71 searches @ CMS

tanp

f=N g O N oo

CMS Publications

LA}

T

h

(2011 - 2017)

' o+ (**
MSSM m > Oym e
1

-~
i -

s J/ \:’ Observed exclusion 95% CL

———  Expected exclusion 95% CL

Tevatron”

m,=125 GeV

PRL 106 (2011)”, 36pb”, 7TeV

PLB 713 (2012)”, 4.6fb", 7TeV
[ ] sHEP 10 (2014)7, 256", 748TeV
[ ] HIG-17-0207, 361b", 13TeV

A

/' m,=126 GeV

100 200

300 400

1000

2000
m, [GeV]

Brand new CMS result discussed in the
following (based on 36/fb @ 13TeV).

* What'’s special about this publication:

Maximally data driven background
estimates.

Increased sensitivity due to more
complex event categorization.

Differential signal modeling
consistently @ NLO QCD accuracy.

Sophisticated statistical inference for
signal.
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Additional event information

* Increase sensitivity to signal by making use of further signal specific event information (e.g.
enhanced presence of b quarks).

No B-tag B-tag
H— 11 —epn I Low-D¢ I Medium-D; || High-D, I Low-D¢ I Medium-D, I High-D,
H— 1t —em I Loose-mr " Tight-my I Loose-mr " Tight-mr
H — 11— um, I Loose-mr II Tight-myp I I Loose-mp II Tight-myp I
H—71r— T}LT}lI I I
Z = i

o
| Signal region (SR)

Control region
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Additional event information

e 35.9fb" (13 TeV) ry
> ~
8 60000 c M S ¢ Observation \
gt -
= Preliminary - 2 .
= i .z AN
= § Ll L':'_e"'“'“"’; [ Eectroweak AR
o ‘ == H .
$ 40000 { I aco e
o H K iR
| .

P = (P + Py3) ¢
D =P —185P%

3 . Exploit different S/B
e ———— " .
g 18 composition especially
o o 3 for high mass signal.
= 50 0 50 100 Ly
D, (GeV) ~

No B-tag )

B-tag

~,
~
~
~
~
~
~
~
~
~
~

H = 77 S3ey Low-D¢ Medium-1) High-D, Low-D Medium-D, || High-D,
#. ¢ ¢ ¢ ¢ ¢ ¢

H->1mr— €Th I Loose-mp " Tight-mr I Loose-m7 " Tight-mr

H— 11— HTH I Loose-mr II Tight-myp I Loose-mp II Tight-mp

H—=71r— T}LT}lI

Z = fuj

o

| Signal region (SR)
‘ Control region

P, = (B + B+ Pr)




28/46
L i / e, 35.9 b (13 TeV)
- >
Lo ) ) “oc_>se mr Cii egory as ", 3 CMS R
Additional event information tail-catcher” for high (| G Fimnay il
- mass signal. gzmo et & lwadl &8syl
eu 35.9fb" (13 TeV) Y 7 w B
gscooo CMS At “\ ',' [T Background uncertainty
g Preliminary _ % :H ‘s\ ','
?‘Q ; Low-D, Llil_edlum-Dc E- Elostoweak \~‘ 'I
§4oooo - % :00 . K
u ]7\ Background uncertainty ‘s~ "’
20000 ‘\‘ ',' é‘
~ 1” 8 0.5 1 1 I i\
O D B T Exploit different S/B /" LR R ey
§ i N composmon espeually /.' 7
g ! for high mass signal. ! !
i =50 0 50 700 Ly N ‘
D, (GeV) ‘s~ . "'
L No B-tag B-tag ]
-~...~~~ > - ',l
H — 17 =y I Low-D, I Medium-D. || High-D; l,.Low-Dc I Medium-D, I High-D;
I I Tight-mr

H— 711 —>em I Loose-mr

I I Tight-mr I Loose-m7

H — 11— um, I Loose-mr

II Tight-myp I I Loose-mp

I I Tight-mp

H—=71r— T}LT}lI

Z = i

tt(eu)

[
|

Signal region (SR)

Control region



':' wi, 35910 (13 TeV)
Loose-mr category as |, 3 cMS A
Additional event information ‘ail-catcher” for high 7 | &= Foimeay S
mass signal. o ik Ranads R
eu 35917 (13TeV) [*e 7 3 : : —
> \~ ’ 1 i
86(}000 CMS &I S ~‘ I, [T Background uncertainty
= Preliminary i S /
% , LowD,  Medium-D, :E S KR ':'
540000 | ] % :CD \s 1’
u ]7 Background uncertainty ‘s~ "
20000 \\ ," '-L%
AN ’ 3
1’ o 0.5 1 1 1 1 I I
Exploit different S/B SHE TR e T
0 a,. .
§ 5: i 5 composmon espeually ; 7
& for high mass signal. !
2 50 0 50 100 e I' N
D, (GeV) s !
No B-tag X B-tag
H — 17 =y ILow—Dc IMedium-Dg High-D l,Low-DC IMedium-DC IHigh—Dq
H— 1t —emn, I Loose-myr " Tight-myp I Loose-mr " Tight-mr J
H — 11— um, I Loose-myp II Tight-myp I I Loose-my II Tight-mp I
H— 11— T}LT}lI I I
Z = fuj
tt(eu) _

[
|

Signal region (SR)

Control region

Control regions used for in situ determination of
normalization and partially shapes of backgrounds
in ML fit used for statistical inference of the signal.




29/46 et, No B-tag Tight-m, 35.9 fb' (13 TeV)
. §1500— CMS ;QLH,A—M |£| Observation
Background modeling ENR R
%F EE;:oweak _
* Background related to jet— 73, misidentification Z s sk rorsny |3
estimated from data using fake factor (FF) method. . ©
* Background model cross checked by two alternative ‘°’2§ :
estimation methods (MC driven, embedded) 0 .
15 T
o.; i o ‘ﬂ.T‘ i i
m (GeV)
background process misidentification eu ety UTh  ThTh
Z =TT MCT  MCT MCT  MCT
{— T MC MC MC
Zads jet — 7, MC Tpr FF _ FF
: : T/l — T, MC MC MC
Diboson+single top et — 7 MC R o R
_ T T T
" 7'./€—>7'h Nl MCT MCT MC
jet — 7 FF FF FF
W 4 jets jet = MC FF FF FF
QCD jet = 73 CR | FFE FF FF

T Normalization from control region in data.
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Fake factor (FF) method

* Fake factor: number of isolated over number of anti-isolated 7, .

SR

FF =) w;-FF;

Expected event composition in AR:

=1
signal |
region NiR Lt il
multijet +jets
i = : | it
> NY
FF ~*VYAR
J
AR i € {QCD, W-jets, tt}
. . Wajets
application
region
FFtE
FFqcp
DRqgcp DR:EE
determination
region
oy ut, 1-prong, Ojet 359" (13 TeV) w 0.7 pt, 1-prong, Ojet B (13 TeV) =07 pT, 1-prong, 2 Ojet
§ T cms $ Measured 5 . CcMS $ Measured 't oms ¥ Measured
W 06 Preliminary £= Best fit value > 06 Preliminary — Best fit value 06 Simulation — Best fit value
i (T8 I - Preliminary
0.5/ 0.5} 0.5
0.45 / 04 0.4-:
03l 03_' os?‘h...h o b 1 |
0.2} nzz l]);
0.1; D.1-'— D.I-}
3;34050 100 200 :!DO 3;]4050 100 200 300 3;]4050 100 200 300
p,iet) (GeV) p,(iet) (GeV) p,(iet) (GeV)
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Fake factor (FF) method

* Fake factor: number of isolated over number of anti-isolated 7, .

SR

FF =) w,-FF;

Expected event composition in AR:

=1
signal
region NRR Lt i
multijet +jets
i = : | it
> NY
FF ~*VYAR
J
AR i € {QCD, W+jets, tt}
. . Wajets
application
region
FF.- MC driven cross check
tt g
FF ut, No B-tag Tight-m, 356.9fb" (13 TeV)
CD =
Q %} 4000 CMS & Observation
+ ) Preliminary E ;*W
DRQCD DRtE > 3000 I Electrowesak
[=]
determination =% L_Jaco
region D 2000¢ et 5
eg "2 Background uncertainty 2
o ["4 ] Background model using | =
1000+ fake factor method §
o 07; p, 1-prong, Ojet 3B9M (13 TeV) @ 07; w1, 1-prong. Djet BIN' (13 TeV) =07 BT, 1-prong. 2 Ojet 102 F i
g - CMS 4 Measured 2 - CMs $ Measured Lt CMs + Measured g
W 06 Preliminary £= Best fit value > 8L Preliminary — Best fit value 0.6 Simulation — Best fit value 1 @
b ™ b - Preliminary [+
05 05 05" 1072 ®
0.45 / : 0.45 10°®
oal o.sr‘h....._ g st 1.5f
[ "
o f 02f ! 1 Foean "ﬂﬁﬁ: !
[ [ [ L ]
0.1 0.1 0.1F 05! ,‘ Obs/Bkg [4] FriBKg : L
E ’ b 10 20 30 100 200 1000 2000
30 40 50 100 200 300 30 40 50 100 200 300 30 40 50 100 200 300
p,(iet) (GeV) P, (jet) (GeV) p,(jet) (GeV) mt (GeV)
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Signal modeling

Test MSSM vs SM hypothesis: allows for
well defined statistical problem, even when
reaching sensitivity to the 125 GeV Higgs

* pr(A, H,h)@ NLO QCD + PS - multiscale problem.

* Plus: b contribution varies as a function of tan S.

boson.

T T T [ T T T T
. hMSSM scenario

AR [ SR T ST TR (N W T SR TR S S S S ]
500 1000 1500 2000
m, (GeV)

Typical scan to determine exclusion contours
in specific models.

Determine CLs in each point in parameter
space to obtain limit at significance level «.
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Signal modeling

* pr(A, H,h)@ NLO QCD + PS - multiscale problem.

* Plus: b contribution varies as a function of tan S.

tanp

60 L T T T T T T T T T -
- hMSSM scenario
50F :
40+ 1
30f —_
20 h
10 L 5 T Powheg NLO (2HDM)
Lt = / 3- E m, =500 GeV, tanB=56
! |\ | ép_a'sj [ tinterference (@,)
E 500 N 1000 § o [ bauarkoniy (@)
° [ t auarkony @)
25H 0, Poheg damping factor
o
| tang = 5
15
0

50 100 150 200 250 300 350 400
p, [GeV]
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Signal modeling

* pr(A, H,h)@ NLO QCD + PS - multiscale problem.

* Plus: b contribution varies as a function of tan S.

Powheg NLO (2HDM)

3
e 60— Q4 m, =500 GeV, tanB=15
S . hMSSM scenario - b [ tintrioence @,)
- : g2 [ bauarkony (@)
L g .,
(<]
© |:| t quark only (Q)

(93}
o
T

Q47 Powheg damping factor

tan 8 =15

0.8

0.6

|| N e = . L L
0 50 100 150 200 250 300 350 400

p, [GeV]
]

Powheg NLO (2HDM)
m, =500 GeV, tanB=56

do/dp_ [b/GeV]
w
T

T UF |:| tbinterference (Q, )
35 I:l b quark only (Q )
E |:| t quark only (Q)
250 Q,, ,+ Powheg damping factor

tang = 5

A R R A o w
0 50 100 150 200 250 300 350 400
p, [GeV]
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Signal modeling

Change in pr(A, H,h)

* pr(A, H,h)@ NLO QCD + PS - multiscale problem.

* Plus: b contribution varies as a function of tan S.

signal acceptance!

implies changing -

Powheg NLO (2HDM)
m, =500 GeV, tanf=30

3 |:| thinterference (Q,)

|:| b quark only (Q )
25 I:l t quark only (Q)

Q" Powheg damping factor

tan 8 = 30

i~
05f-
ol Lo T TR T
0 50 100 150 200 250 300 350 400
p_[GeV]
1
= f Powheg NLO (2HDM)
60 O 141y 1,=500 GeV, tanp=15
o
% - s r [ ] tointerterence (@,)
g L %‘ 1.2 [ bauarkony (@)
© |:| t quark only (Q)

Q47 Powheg damping factor

L 08
40¢ 0 ta B =15
- P R W i = ) L I
20 0 50 100 150 200 250 300 350 400
L p_ [GeV]
0 - % “F Powheg NLO (2HDM)
O] m,=500 GeV, tanp=5
8 35 )
~ f |:| tbinterference (Q, )
% 35 I:l b quark only (Q )
° N |:| t quark only (Q)
25/ Q,, 7 Powheg damping factor

tang = 5

A R R A o w
0 50 100 150 200 250 300 350 400
p, [GeV]
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Signal modeling

* pr(A, H,h)@ NLO QCD + PS - multiscale problem.

* Plus: b contribution varies as a function of tan S.

tot
OpMSsM X

= ohssm (Qo)|+Homissn (@)

1 b
+ Jlt\&i_S)SM (th) - UR/ISSM ( .-b) — OMSSM (an))
2
XY XYy Y, <Yy

t quark b quark
alone tb-interference alone

* Taking into account all tan 8 enhanced SUSY
corrections and non-trivial tan oo dependency for H/h .

* Worked out with E. Bagnaschi and S. Liebler in frame
of LHCHXSWG-3.

do/dp_ [fb/GeV]

T

Powheg NLO (2HDM)
m, =500 GeV, tanf=30

|:| thinterference (Q,)
|:| b quark only (Q )
I:l t quark only (Q)

Q" Powheg damping factor

tan 8 = 30

0.8

0.6

=
05f-
QU L T [N NN N
0 50 100 150 200 250 300 350 400
p_[GeV]
% 8 Powheg NLO (2HDM)
O 141 m,=500 GeV, tanB=15
Qo
= 7 [ ] tointerference (@,)
Q12
1\8 |:| b quark only (Q,)
° |:| t quark only (Q)

Q47 Powheg damping factor

tan 8 =15

e Dy TR
50 100 150 200 250 300 350 400

p, [GeV]

]

do/dp_ [b/GeV]

T

Powheg NLO (2HDM)
m, =500 GeV, tanB=56

|:| tbinterference (Q, )
I:l b quark only (Q )
|:| t quark only (Q)

Q,, ,+ Powheg damping factor

tang = 5

1T
50 100 150 200 250 300 350 400

p, [GeV]
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Observation

4000

1/GeV)

~— 3000
S+

tot

2000

dN/dm

1000
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1078

0.5

ut, No B-tag Tight-m;
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8
o
o
=1
v
Q
2
]
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I I i I I | I )
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CMS =—hHA-t ’ Observation
- . m:nd» N
Preliminary W oncey 7
F me =700 Gey ] jet o, fakes
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- Electroweak
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[ Background uncertainty

o|eos Jeau|
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| s i
20 30 100 200

2000

m® (GeV)

1000

ajeas fo|

(1/GeV)

1000

tot
T

500
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60
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40

tot
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20
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05

et, No B-tag Tight-m,

Shown are the most sensitive categories with
an MSSM m %" hypothesis w/ m 4 = 700 GeV
and tan 8 = 20 fitted to the data.
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Model independent limits

* Narrow width approximation, two parameters of interest, (g9 and fppe .

35.9fb™" (13 TeV) 35.9 fo' (13 TeV)
e 3 [ i i i . R EEL L . | g =l i i T . L B | L =
-8_ 10 E CMS —eo— Observed -8_ E CMS —eo— Observed
= r B e e R s P Expected = r GRS e
& [ Preliminary e J_r; Expected S 102k Preliminary Expected .
i 10%F [ ] 20 Expected E i F [ +1o Expected ]
= e ; 1 < [ ]+20 Expected 1
(a4 ) : Expected b quark only ] (a1
’5 10F i Expected t quark only @
(@) E S o)
2 s =
© E ©
c L &
o [ el o
et .9: —
= =4 o=
o,
E 1ol z! 1=
—J 3! A
& O
X 102F 2
Yo} E o Tp)
(0)) =t 22
QI
- 3
10°E, ©; A = T ; IE o . = e ; E
100 200 300 1000 2000 100 200 300 1000 2000
m, (GeV) m, (GeV)

* No deviation beyond 20 found.

* Cross checks discussed e.g. in Ph.D. thesis from Rene Caspart and master thesis from
Janek Bechtel.


https://publikationen.bibliothek.kit.edu/1000076416
https://www.dropbox.com/s/ddozr2q1ky26cct/thesis_janek_bechtel_as-handed-in.pdf?dl=0
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Model independent limits

* Narrow width approximation, two parameters of interest, (g9 and fppe .

* No deviation beyond 2o

35.9 fo' (13 TeV)
I : 5

- CMS

| Preliminary

—e— Observed

----- Expected
[ t1o Expected ]
[ ]+20 Expected 1

Cross checks discussed

Janek Bechtel.

35.9fb" (13 TeV)
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a « . Expected b quark only | o 10
’e_\ 10 3 b Expected t quark only = @ E .
S 1 Y 1B
o i : © 1t
= U3 : 3 = E
(@] F e o
.E 'qg;i 'E 1 L
= Nion S %: E = o
6' 2 . 3591t (13 TeV)

g g 7 CMS m, = 125 GeV

(¢] o 0: & [ o=

'?f\) 107 % T T Preliminar ] esect
o)) E £, e 4 [ Jes%cL

B = ;_ . o Bestfit

1 073 - 8 1 ﬁ-]’ L @  Expected for 125 GeV SM Higgs
100 200 300 8
©

(gg9)-B(0—17) (pb)

Provide 3D likelihood scan (40k
points for 28 mass points).

* Allows for more sophisticated re-

interpretation of the data in alter-
native/new models/scenarios (-
e.g. arxiv:1507.06706).



https://publikationen.bibliothek.kit.edu/1000076416
https://www.dropbox.com/s/ddozr2q1ky26cct/thesis_janek_bechtel_as-handed-in.pdf?dl=0
https://arxiv.org/abs/1507.06706

45/46

Model dependent exclusion contours

* Exclusion contours in predefined benchmark models:

35.9fb" (13 TeV) 35.9 b (13 TeV)
CMS 95% CL Excluded: CMS 95% CL Excluded:
e [ ]Observed * 16 Expected .. [ 1Observed + 1o Expected
Preliminary - Expected | + 26 Expected Preliminary - Expected | + 20 Expected
@- 60 1 i T d T | T -I T T | T T T T | IIII T T T n 60 L T T T | T T -I T T T T T | T N T T
% | m'°?* scenario, | = 200 GeV % [ hMSSM scenario
+— — [
50 5 .

40F

30}

20}

[mMss™ 125 + 3 GeV |

10}

1 ] 1 1 1 D l 1 1 1 1 [ 1 1 - 1 | 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 :
500 1000 1500 2000 500 1000 1500 2000
m, (GeV) m, (GeV)

* In general parameter space is explored down to tan 3 2 6 for m4 S 250 GeV and up to
my < 1600 GeV,
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Summary

* Di-7 is one of the most interesting final states in the Higgs physics program of the LHC.
* Best access to Higgs boson couplings to fermions.

* Large event yields still reasonably well accessible (e.g. for studies of specific
production modes).

* Most interesting final state to search for extensions of the SM Higgs sector.

* CMS had a very successful year 2017 with two major publications on SM and MSSM Higgs
physics in the di-7 final state on the full dataset of 2016.

* We are well prepared to analyze the full LHC run-2 dataset from 2019 on. Looking forward to
these analyses.
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Discriminating variable m'°*
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spread as for invariant di-  mass
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Reconstruction of m.;

Likelihood approach:

ME for leptonic = decay or phase space
kinematics of 2-body decay of 7, .

Estimate of expected Er resolution on
event by event basis.

Inputs: visible decay products, x-, y-
component of E.

Free parameters: ¢, 6*, (m,,) per .

1/dm__ [1/GeV]

0.16
0.14f

0.12f
0.08}

0.04f

0.02f

T,

0.1F

0.06}

— H—>ttm, =125 GeV

Z—1t

Resolution: 10% - 15%

el

L | I — I I | 1
50 100 150 200

250
m_ [GeV]

Find minimum of £ for given m,. and
scan over all possible values of m, to
find global minimum.



2D likelihood scans

* Coupling to fermions and vector bosons:

35.9 fb™ (13 TeV)
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* These plots include H — WW as signal process; ~y driven by VBF & ep.


http://arxiv.org/abs/1708.00373
http://arxiv.org/abs/1401.5041

Higgs: CP properties (fromH — ff)

* Obtain P from an angular momentum analysis of the QM system:

Orbital momentum: > Intrinsic parity of fermions:
P(Y™(0,0)) = (=1)' - Y;"(0, ) P(f)=H1D)-f P(f)=(-1)-f

* Obtain C from P x (&1) for permutations of objects (- spin statistics):

\

1,+1) = 12, £1/2) @ [L/2, £1/2)

1, 0)= \/g(ll/% +1/2) @ [L2, =1/2) + (|12, =1/2) ® |12, +1/2))

/

0, 0)= \/g(|1/2,+1/2> ®@ |Y/2, —=1/2) — (|1/2, —=1/2) ® |1/2,+1/2)) (—1)under permutations.

> (+1) under permutations.

* For two fermion system: = (=1)L+!

P CP of parent particle

C = (_ )L+S trans_,lates_into spin
configuration of two
fermion system.

CP = (_1)S+1

—_




Higgs: CP properties (fromH — ff)

C P-even: C'P-odd:
L=1 S=1 L=0 S8§=0
ﬁ\ 7'+ T_ﬁ\ H T
_ o+t JCP — 0t
+
_1j /s
* For two fermion system: P =(-1)+ C'P of parent particle
. S translates into spin
¢ = (_1)L+ - configuration of two
fermion system.
CP = (-1)°*!




Higgs: CP properties (fromH — 77 )

Eg. 77 — 7w v

C P-even:
L=1 S=1

makes spin confi-

guration detect-
able!

C' P-odd:
L=0 S=0

1/7}-‘7}7-—# 7_7} E
4—0—»
P _ ogt++

7T+':: _lj 'Vﬁ

7T+A
/ it Tff
4—0—»
JCP —0t—

Vﬂ"dTJr 'Vf}

Decay width: Ty, &< 1 — 3§, - 55 + cos(2¢) (57 - 3 )

-

2) [(57 x &) - k]

J

_/
' ~

C P-even C P-odd

* For two fermion system:

P
C =(-

—_

CP = (_1)S+1

= (-1y+!

CP of parent particle
)L+S translates into spin
configuration of two

fermion system.




Transverse spin polarization in the di-7system

* Angle between spins
< angle between o
decay planes:

D >
V;
Different admixtures of C P -even compared to
CP-even and C' P-odd main background
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© 2 . ]
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http://arxiv.org/abs/1108.0670
http://arxiv.org/abs/0812.1910
http://arxiv.org/abs/1408.0798

Embedding cross check

* Replace muons inZ— up events in data by simulated 7

decays:
Input:
Data or
simulation
A J
Z — pp selection
.

N
A
w2
simulate T-leptons with
kinematics of muons

Temove muons
from selected events

F Y

merge simulated and
cleaned events

embedded
simulation

7,1, No B-tag
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300 -

200 -

. 1t (1) simulation

Background uncertainty
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—es— 11—T embedded
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2D NLL picked up by theory

* First application to new models

(using HiggsBounds): |arXiv:1507.06706
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Comparison ATLAS vs CMS
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