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Road map...

* Short recap:
* Higgs bosons — what it is about?

» What do we know about the Higgs boson and how much space is still left for new physics in
the Higgs sector?

* Higgs decays to invisible (H — inv. ) and related statement on DM interactions.

* Search for additional supersymmetric Higgs bosons:

* In the MSSM there are five Higgs bosons and we make strong statements on all of them!

* There is one detour in this, on an analysis of LF\/ in the Higgs
sector.

Disclaimer:
This is a personal choice and by no means complete.
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About Higgs: a short recap... ..\X‘(IT

Karlsruhe Institute of Technology

* Need Higgs mechanism to explain how particles can have mass # 0 and at the
same time SU(2) x U(1) symmetry can be source of electroweak interactions.
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About Higgs: a short recap... ..\X‘(IT

Karlsruhe Institute of Technology

* Need Higgs mechanism to explain how particles can have mass # 0 and at the
same time U (2) x U(1) symmetry can be source of electroweak interactions.

£HiEEs — 9 6Ty — V() * Symmetry inherent to a system but not to its
V(g) = —i’¢T o+ A (67 9)° energy ground state (— quantum vacuum).

* In a quantum field theory (QFT) this can create
new physical particles (— Higgs boson(s)).

Non-zero vacuum expectation value v

4 Institute of Experimental Particle Physics (IEKP)



About Higgs: a short recap... ..\X‘(IT

Karlsruhe Institute of Technology

* Need Higgs mechanism to explain how particles can have mass # 0 and at the
same time U (2) x U(1) symmetry can be source of electroweak interactions.

£HiEEs — 9 6Ty — V() * Symmetry inherent to a system but not to its
V(g) = —i’¢T o+ A (67 9)° energy ground state (— quantum vacuum).

* In a quantum field theory (QFT) this can create
new physical particles (— Higgs boson(s)).

Re(#) Non-zero vacuum expectation value v

* A Higgs boson has very a peculiar coupling structure, needed to fulfill the
symmetry of the system (example for fermions):

¢ = ( V—I—O% )
P (v+ %) ff=-— (mf+ﬂH) ff

2v
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Higgs: a known suspect ..\\.J(IT

Karlsruhe Institute of Technology
— —

* We know it exists (arXiv:1207.7235)! 4" of July 2012
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig12028TWiki

Higgs: a known suspect

AT

Karlsruhe Institute of Technology

* We know it exists (arXiv:1207.7235)!

* We know its a boson.
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Higgs: a known suspect ..\X‘(IT

Karlsruhe Institute of Technology

We know it exists (arXiv:1207.7235)! H — vy 4" of July 2012
o 19.7 o' (8 TeV) + 5.1 o' (7 TeV)
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Higgs: a known suspect

AT

Karlsruhe Institute of Technology

* We know it exists (arXiv:1207.7235)!
* We know its a boson.

* We know its mass (CMS-PAS-HIG-14-009 ):
my = 125.03 1935 (stat.) £0-12 (syst.)GeV

* \We have strong evidence that it couples to
fermions (arXiv:1401.6527 ).

CMS H—tr, 4.9 fb" at 7 TeV, 19.7 b at 8 TeV
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Higgs: a known suspect (IT

* We know it exists (arXiv:1207.7235)!

 We know its a boson. ) *
* We know its mass (CMS-PAS-HIG-14-009): f?:.
mpg = 125.03 £3:3% (stat.) £8:13 (syst.)GeV g H
. . s )
* \We have strong evidence that it couples to O . — —
fermions (arXiv:1401.6527 ). . R
8 NI et B TR = Lol e ﬁ
spin 0 C'Peven object (arXiv:1312.5353). R 1 —
38 =
I T |
b O S R E
T
) :

arXiv:1312.5353
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Higgs: a known suspect

AT

Karlsruhe Institute of Technology
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We know it exists (arXiv:1207.7235)!
We know its a boson.

We know its mass (CMS-PAS-HIG-14-009):
my = 125.03 1935 (stat.) £0-12 (syst.)GeV

We have strong evidence that it couples to
fermions (arXiv:1401.6527 ).

We have reasons to believe that it is a
spin O C'P even object (arXiv:1312.5353).

We know it's a Higgs boson!

Yr for fermions
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Higgs: a known suspect ..\X‘(IT

Karlsruhe Institute of Technology

* We know it exists (arXiv:1207.7235)! 4" of July 2012

* We know its a boson.

* We know its mass (CMS-PAS-HIG-14-009 ):
my = 125.03 1935 (stat.) £0-12 (syst.)GeV

* \We have strong evidence that it co
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Why it is not THE Higgs boson (of the sSm) T

* Gravity is not included in the SM.

The SM suffers from the hierarchy problem.

Dark matter is not included in the SM.

Neutrino masses are not included in the SM.

There are known deviations in a, = %~
from the SM expectation (3.6 unresolved).

™ Arguments stolen from S. Heinemeyer (HH Higgs workshop 2014)
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Why it is not THE Higgs boson (of the SM) AT

Karlsruhe Institute of Technology

* Gravity is not included in the SM. 7 [

500
* The SM suffers from the hierarchy problem.

N
S
S

 Dark matter is not included in the SM.

W
S
S
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* Neutrino masses are not included in the SM.

535
s
s
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L

Higgs mass (GeV)

200

» There are known deviations in a, = %~

from the SM expectation (3.6 unresolved).

100

* There must be physics beyond
the SM!

* At what scale does it set in?

* (How) Does it influence the
Higgs sector?

™ Arguments stolen from S. Heinemeyer (HH Higgs workshop 2014)
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http://arxiv.org/abs/hep-ph/0003170

Space left for new physics in the Higgs sector ..\X‘(IT

Karlsruhe Institute of Technology

* Couplings are determined within £15% to £20% accuracy.

19.7 tb" (8 TeV) + 5.1 fb' (7 TeV)

CMS - 68% CL
Preliminary ==05% CL
Ky et 0.9440.14
K, i 1.05 £ 0.16
K, ——a—  081£0.17
Ko m 0.74 4 0.31
K, e (.84 4 0.19
Ll ey T

0 085 1T is T2 2s
parameter value
CMS-PAS-HIG-14-009
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Space left for new physics in the Higgs sector ..\X‘(IT

Karlsruhe Institute of Technology

Couplings are determined within +15%to +20% accuracy.

Fixing all tree-level couplings to the SM (x;, i = W, Z,7,b,t) & introducing effective
couplings for loop induced processes (x4, K+ ) leaves room for BRpgy < 0.32 @
95% CL.

19.7 167 (8 TeV) + 5.1 tb (7 TeV) 19. be (8 TeV) + 51fb (7 TeV).

Ly 10 e LR T 2B ST
!(D:IU!IS - 68% CL £ of CMS —_ Observed
reliminary : 95% CL cﬂ of KPre}irm.‘gcgy ----Exp. for SMH _E
Ky g (),.94 £+ 0.14 ' 7 70 T BSM
K, it 1.05 4 0.16 61 3
s 5 :
K N — 0.81 +0.17 ab , E
: ab <0.32 @ 95% CL
Ky ) 0.74 + 0.31 2_ ’ E
K ———  0.8440.19 1
Claa s b i b b O:\-i | | |
0

. ﬂ‘l'\’I‘IIIIIHI\IIHIII\IIIIII\III\Il\IIIHIII:
0o 05 1 15 2 25 02 04 06 08 1
parameter value BRgsu

CMS-PAS-HIG-14-009
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Space left for new physics in the Higgs sector ..\g(“.

Karlsruhe Institute of Technology

Couplings are determined within +15%to +20% accuracy.

Fixing all tree-level couplings to the SM (x;, i = W, Z,7,b,t) & introducing effective
couplings for loop induced processes (x4, K+ ) leaves room for BRpgy < 0.32 @
95% CL.

* Adding maximal freedom to the fit leaves room for BRpsy < 0.58 @ 95% CL.

19.7 167 (8 TeV) + 5.1 5" (7 TeV) 19. 7fb (8TeV) + 5.1 fb (7 Tev) 197fb (8TeV) + 5.1 fb (7 TeV)
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Direct searches for H — invisible (arxiv:1404.1344) ﬂ(IT

Karlsruhe Institute of Technology

‘CMS Experiment at LHC, CERN
C Data recorded: Mon Sep 17 04:50:40 2012 BST /r._ (p
Run/Event: 203002 / 1762672184

Lumi section: 1570

Orbit/Crossing: 411409864 / 423
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Direct searches for H — invisible (arxiv:1404.1344) ﬂ(".

Karlsruhe Institute of Technology

s-channel
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o [ CMS 95% CL limits o TR
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Direct searches for H — invisible (arxiv:1404.1344)

AT

Karlsruhe Institute of Technology
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Direct searches for H — invisible (arxiv:1404.1344)

AT

Karlsruhe Institute of Technology
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-t =k
Q9 o
T TN

Combination of VBE and |
ZH. H —» invisible

fs=80TeV, L=18919.7fb' (VBF+ZH)

fe=7.0TeV.L=491f"(ZH)

s-channel
T T ’A"
RV l{X ...A.. X
t-channel
0"X X "0
“*‘ '4.0
Y
1 RX
—_—— —— I 1
o CRESST o !
] CRESST 20 1
—— - XENON1004201 2} /if
KEMONT 02011 ]
[ oA LIBRA
B CoGeNT{2013)/80%0L
[ CoGeNT{2013)89%0L
[ ©OMS 201 38500 q q
] COUPPE012)
—_— e LLaRatL
1 1 [l [l [l [l 1 1

10° 10
DM Mass M, [GeV]

Institute of Experimental Particle Physics (IEKP)

3



https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13030PubTWiki

SUSY particles as DM candidates ﬂ(".

Karlsruhe Institute of Technology

* Extension of SM by a last remaining, non-trivial, symmetry operation (boson «
fermion), SUSY, can cure many shortcomings of SM:

Standard particles SUSY particles

Hlﬂﬂ‘& Higgsing

| Quarks ' Leplons . Force paricles Squarks Q Sleptons Q SUSY force
parficles

* E.g. lightest SUSY particle (LSP) perfect candidate for Xx.

* Problem: SUSY itself is broken!
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Higgs sector in the MSSM ﬂ(“.

Karlsruhe Institute of Technology

* Five neutral Higgs bosons predicted:

0 =
Hy = (gl) . Y, =-1, vi: VEV; = ' 7 |
! &) tan 8 =3
Hf ° ==== tan 8 = 30
Hy = 21, Yy, =+1, vy: VEV
i (H§> e ’ 2 % Lk .
Nndof =8 - 3 == 5)
R A 200 -
W, Z H'- H, h, A
150 R oA
» MSSM mass requirements at tree level: | e
two free parameters: m. , tan 3 = vi/, 100 - i
2 2 2 H"/-
Mipe/— = Mg + My
m2 :1<m2—|—m2:|:\/m2+m22
o =g \Matmz Emy o my) arXivhep-ph/0503173

2 2 2 S
+43m7 cos 25) 50 100 150 200 300 500

ma [GGV]
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Enhancement of down-type couplings ﬂ(“.

Karlsruhe Institute of Technology

* In MSSM coupling to down-type fermions enhanced for tan g > 1.

19.7fb" (8 TeV) + 5.1 fb™ (7 TeV)

24

expect MSSM here!

i 10 | l
£ g- CMS — Observed E
< - Preliminary ----Exp. for SM H 1
N 8f Ay, Ky Ky =
7 ' =

6:— -

55 3

3 Adu < 1.43

@ 95% CL

2 .

1F :

0:|| ||\|| | ||:

0 2

* Interesting decay channels:
e H — 77 (& =0844313)
e H—=bb (k=072403)

* Interesting production modes:

g9 — H ("g9¢”) gg — Hbb (“bbg”)

CMS-PAS-HIG-14-009
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Search for A/H/h — 771 (arxiv:1408.3316 ) ﬂ(".

Karlsruhe Institute of Technology

Decay Mode BR

T — eVels 17.83%
T — UV, Vs 17.41%
T —1-prong v, | 37.10%

T —3-prong v,

15.20%

H_/

> 50% of all

Y

decay modes.
-q.l

* Search for 2 isolated high pr leptons

(e, t,Tn).

* Reduce obvious backgrounds (use on
E7) & reconstruct m .

* Exploit characteristics of production
mode to increase sensitivity.

25

Th

Six decay modes:

ThTh, UTh, €Th,

ef i
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Reconstruction of hadronic 7 ﬂ(“.

Karlsruhe Institute of Technology

2 16000 J ¢ Exploit particle flow algorithm: distinguish
c T —e— Observed ]
D . 4000 K h F Bkg. uncertainty -] between 7, neutral and charged hadron .
i [ Jzoe 3n* ]
12000 [ ]Z—wt 17 + photons -]
” ]zt 17 no photons ] * |solation (based on energy deposits in
10000 ]z -

— P vicinity of reconstructed 73, candidate).

O« ] N
[ Jaco ]

8000
Discrimination against electrons (based

0000 on shower shape & E/p ).
4000 . . . . .
* Discrimination against muons.
2000
m,;s [GeV] 71, energy calibration (use 3% uncert.).
Had Stri -
% Three Hadrons  Efficiency =~ 60% ( ~ 3% fakerate), flat
/ as function of pr(7,) and N (vtz).
single '-‘
Hadron ,-'
s P, a1
A\ J
~"

Compatible w/ mass
requirements
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Reconstruction of m.-, ﬂ(“.

Karlsruhe Institute of Technology

* Likelihood approach:

ut,
s > - 1z
/Yél ﬁ 0'25__ _ A:T::t: m, = 120 GeV
E: .————7—- X r - e A — ttm, =200 GeV
je EB B e N A — ttm, =300 GeV
2 ° 02
= - Resolution: 10% - 15%
: 0.15[-
* ME for leptonic + decay or phase space -
kinematics of 2-body decay of 7, . i
0.1}
* Estimate of expected Er resolution on B
event by event basis. 0051~
* Inputs: visible decay products, x-, y- % 50 100 150 200 250 300 350 400 450
component of Er. m.. [GeV]
* Free parameters: ¢, g*, (m,.) per . * Find minimum of £ for given m,. and

scan over all possible values of m . to
find global minimum.
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Control of backgrounds

AT

Karlsruhe Institute of Technology

0

* From simulation.
* Normalization from
sideband.

QCD multijet

* Normalization &
shape taken from
LS/OS or fakerate.

* Full consideration of uncert.

due to limited statistics in

control or MC samples in bulk

of distributions.

* Apply semi-analytic fits in
tails.

28

4 =TT

* Embedding (in Z — upu
replace © by sim 7).

* Norm from Z — puu .

Z — U

* From simulation

* Corrected for jet — 7
or e/u — 7 fakerate.

500 3zt
[ Z— ee
[ W+jets
400 [

0 .
0 100

200

Taken from arXiv:1401.5041
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sidebands.

Events
2
2

e —
- i
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Event categorization

XIT

Karlsruhe Institute of Technology

* Exploit enhancement of coupling to down-type fermions for initial state (— b-quarks).

b-tag category: g s
N(b-tag)> 1 LA
N(Jet) <1 P

CMS hHA—T: 197 b (8TeV)+49fb (7 TeV)

— 10° T
% ------ h,H,A—)‘t‘t
o 5 —e— Observed
- 10 [zt
— =
é- 10 [ Electroweak
S CJacp
E EZ5% Bkg. uncertainty
b o] 1 : MSSM m;',,, scenario
m,=160 GeV, tanf=8

10

102 1 [

10°

10*

0 500 1000 1500
m.. [GeV]

Sensitive to both production modes!

29

No b-tag category:
N(b-tag)= 0

dN/dm_, [1/GeV]

10*
10° [ Electroweak
CJaco
10° 577 Bkg. uncertainty
i MSSM m!’.,, scenario
10 i k! m,=160 GeV, tanf=8
1
10" |
102
10-3 T T 2 2 -
0 500 1000 1500

m.. [GeV]
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Model independent limits (2D) AT

Karlsruhe Institute of Technology

* Single narrow resonance search in gg — ¢ (99¢) & gg — bbo (bbgp) production mode:

CMS oo

19.7 fb™ (8 TeV
I I T L] L) I L] L] T I L] T L] i = cMS.

nnnnnn

T ooy z z - anps s s

| m, =125 GeV 95% CL ful f H it o
< < < < O Expected for
% % % 15 % SM H(125 Ge
g g s s

3 68% CL
- ok Best fit , O
¢ Expected for 1 B e
SM H(125 GeV) |

c(bb¢)-B(¢—1t) [pb]

_ - N _ o - o _ o
2 - — i pqeas ey g - oo T e H oy o
e o % o B S For s
- - i - <o ™~ o Expocted s o Expected . 0 Expected for = 0 Expected
/ . Sosf™ sammoen ] & Shnan o Gomp Sz o T gL Stz oo
" s - g - Lo 1 E [ NN
n ., T os b 1 ® . ® L ® N
o ol . ] oot N
| N - ot 1 oos [ . ] P S N
s N\ \\ . \
\
o - . \ \
N T %o oo o o ox p r cor %o oom  eow oois
1 ______ . 6(990)-B(¢->7) [pb] 0(990) B(¢->7) [pb] 0(990)-B(o—t7) [pb] 0(9g0)-B¢->77) [pb]
= -
O Se.
* ta,
# s,
i ,
5 !.. \\ - .
F s or mass points btw an e
5 F - - . y
4 ™, \
5 1 s, B . (8 .
i \ \ — 1.25 x 10 t
] 5 \ . Scan points).
B ' b, ' -
10 I
0 i L +| | I I T VR T

[=]
M -

4 6 8 10
5(99¢)-B(¢—17) [pb]

* Most probable value and 2D limit * Find DB of full likelihood scan in 3D ( gg¢,
contour from scan of likelihood bbo, my) on supporting TWiki for
function (200 x 200 NLL points). arXiv:1408.3316.
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13021PaperTwiki

Model independent limits (1D) AT

Karlsruhe Institute of Technology

* 1D limit contours obtained from 2D by profiling non-observed component:

CMS o> 19.7 b (8 TeV) CMS o>« 19.7 b™' (8 TeV)

—e— Observed 4_
---------- Expected for SM H(125 GeV) 3

[ + 1o Expected
[ ] *2c Expected

ago ]
bbo has been profiled

2
2,

—e— QObserved

.......... Expected for SM H(125 GeV)
[ + 1o Expected

| ] 20 Expected

2
2

3

bbo
999 has been profiled

10

95% CL limit on o(bb¢)-B(0—7t) [pb]
95% CL limit on 6(ggo)-B(d6—t) [pb]

l I‘IDGG
m, [GeV]

100 200 300 400 1000 100 200 300 400

m, [GeV]

Sensitivity to h(125) of ~2.5 o, .
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Limits in full MSSM benchmark scenarios ..\g(“.

Karlsruhe Institute of Technology

* Explicit prediction for three neutral Higgs bosons:

E mA=500GeV
. p 1 10
ﬁ_‘LGO ?rllllsl[un!:ul::llsl':edjl,h,!—|,A.—>1:*E,1E|).7llb {IBT?V]Iq-d;Qﬂ? r[".:"T:-:‘u."] 10';- tanB:']S
E : 95% CL Excluded ] 10‘;
B — Observed 10°
50:— — SM H injected 'Ll
. --- Expected ] 10’;
40 - + 1o Expected a 10!:
+ 20 Expected T
30: K I T ‘mlb[(;ehsloo
20: E * Note: h(125) has been observed!
‘o _y Y (77 m zsacev] |  With increasing sensitivity new
N HEL m*"" scenario - statistical interpretation is
1 4 13 H H L
P M N B B needed: “1 Higgs vs 3 Higgses”.
200 400 600 800 1000
m, [GeV]
Old. mgth_od. h(125) ignored in Y
statistical inference: dMSSM/BG = £(N|B,05)
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Limits in full MSSM benchmark scenarios

AT

Karlsruhe Institute of Technology

* Explicit prediction for three neutral Higgs bosons:

CMS hHAS: 19.7 fb™' (8 TeV) + 4.9 fb™ (7 TeV)

o 60 —rtr 1 r r 1 [ "¢ 1 [ 1t 1 r r7 10° H
c C ’
S - [cLymssm,sm)<0.05: o
50 [ |— Observed — T 10k
- Expected ] 10}

- + 16 Expected - 107H]

a0 :

. + 26 Expected i 10°E

0

30}

20|

T mP"SSV£125:3 GeV |

10¢ MSSM m;** scenario -
I
PTG [ T T T I B T T R
200 400 600 800 1000
m, [GeV]

* New method: h(125) taken into account
in test statistic:

33

m,=500GeV
tanp=15

500 1000 1500
m,, [GeV]

* Note: h(125) has been observed!

* With increasing sensitivity new
statistical interpretation is
needed: “1 Higgs vs 3 Higgses”.

dMSSM /BG —

ﬁ(( NI(SMSSM+B),9MSSM)

L(N|(Ssm+B),05)
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More benchmark scenarios...

(arXiv:1302.7033) _\_\J(IT

Karlsruhe Institute of Technology

50
40
30

20

40
30
20

10

34

19.7 fb” (8 TeV) + 4.9 fb™ (7 TeV)

CMS hHa-w
— T
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=
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CMS hHA- 19.7 o™ (8 TeV) + 4.9 ib™ (7 TeV)
30
A — —T T T Za
- CL(MSSM,SM)<0.05: :
o5 —— Observed .
: ----- Expected .:
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http://arxiv.org/abs/arXiv:1302.7033

H — pt LFV Higgs couplings (cms-pas-HiG-14-005) AT

Karlsruhe Institute of Technology

* SM forbids LFV couplings at tree level.

* Three couplings are possible: 7 — ¢,
T—> W, W—e€.

* LVF could take place in Higgs sector.
Limits in literature:
* BR(H — eu) = O(1078) .
« BR(H —er) = 0(0.1).

« BR(H — ur) = 0(0.1).

* H — 77,/p7. analysis w/ two specialties:

» pr(p) is harder (— less v/’s in the decay).

e /s are more collinear. Use of collinear
approximation for 1m. .

35

60— CMS preliminary 19.7fb", Vs = 8 TeV
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> [~ [ ttsJets ]
W 40 B O Wy /Wy N
B Il vv i
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10}—
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BERg it
o o
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200
collinear M{ut ) [GeV]
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14005TWiki

H — pt LFV Higgs search results

AT

Karlsruhe Institute of Technology

CMS preliminary  19.7 b, Vs =8 TeV ’ CMS prelimina 19.7 fb", (s =8 TeV
HThamD-Jets"l"""""""""'
2.35% (exp) - ® Observed _a.
2.94% (obs.) % Expected o>
pt L1 Jet —
had +
2.10% (exp.) - I expected 10 1
2.11% {obs.) |:| Expected + 20 | 10
HT g 2 Jets x Distribution in
1.95% [exp.) b
3.29% (obs.) backup.
ut 0 Jets
-2
1.32% (exp.) 1 0 """"""""""""""""""""
2.04% (obs.) .. -
we,, 1 Jet Distribution shown| e '
1.66% (exp.) . . . ol Tmmaa —— :
2.38% (obs | in previous slide. :
nt, 2 Jets | 1 0_3 ------------- :
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% :
h—pt ‘A '
0.75% (exp.) I e :
1.57% (obs.) I Rl | | | 104 12 :
4 -3 -2 -1
0 4 6 8 10 10 10 10 10 1
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~ 20 €XCesSSs Strongest limits on the market!
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Charged Higgs in the MSSM

AT

Karlsruhe Institute of Technology

* Expect signal in rop sector:

500 |

* Inthe decay (m g+ < m;): >
&) H'= > 1v
heavy flavors § HY- > tb
preferred 200 =
H"= = ¢s
flavor 200 =
democratic H

150

* In the decay (m; < mpg+):

100
additional

b jets

CMS-PAS-HIG-14-020
CMS-PAS-HIG-13-

CMS-PAS-HIG-#3-035
details in bacKup

T 50 100)

37
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http://arxiv.org/abs/hep-ph/0503173
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14020TWiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13026TWiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13035TWiki

AT

Karlsruhe Institute of Technology

Charged Higgs boson search (H1/~ — 7v)

* Most sensitive decay channel (cf neutral Higgs searches).

* Concentrate on hadronic decay of W' —
well defined use of m for sig extraction.

* Extending mass range of search by

38

180 GeV< my+,— < 600 GeV.
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Charged Higgs boson search (H+/~ — 7v) ﬂ(".

Karlsruhe Institute of Technology

* Translated into mg+ - tan 8 plane.

19.7 b (8 TeV)

CMS -

Preliminary ]

19.7 b (8 TeV)

_IIII|IIII|IIIIIIIIIIII|IIII|II]/I_
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- == Expected median * 1o
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Charged Higgs boson search (H1/~ — 1v)

XIT

Karlsruhe Institute of Technology

* Translated into m4 - tan 8 plane. gooPE I e
-4-50:_ jzbserve: _E
Combining both measurement will close the plane in the sof [y E

range 90 < m4 < 140 GeV.
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Conclusions ﬂ(“.

Karlsruhe Institute of Technology

* LHC had an extremely successful run-1 data taking period.

* Greatest prey was the Higgs boson!

Ja, der grifite
Bock, den ich je
geschossen habe.

Aber das ist doch |\
das Higgs dort I?

* Unfortunately no further new physics discovered,
yet. Good hunting grounds are the top and the
Higgs sector, apart from conventional SUSY
harvesting.

* CMS consolidating BSM Higgs searches on LHC- | ")) sEaasdegy .
1 dataset by end of this year. — BE X)) Pl

* Shown here only a very small and personal excerpt of most important results (others
will be come more interesting from 2015 on):

« X — H H searches (in 4b CMS-PAS-HIG-14-013 and 202y CMS-PAS-HIG-13-032 final states).

* A — Z(40)h(bb) searches (CMS-PAS-HIG-14-011), w/ first interpretations in general 2HDMs.
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14013TWiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13032TWiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14011TWiki

Conclusions ﬂ(".

Karlsruhe Institute of Technology

* LHC had an extremely successful run-1 data taking period.

* Greatest prey was the Higgs boson!

Ja, der grifite
Bock, den ich je
geschossen habe.

Aber das is
das Hig

* Unfortunately no further new physics discovered,
yet. Good hunting grounds are the top and the
Higgs sector, apart from conventional SUS %G

harvesting.
‘5’\
* CMS consolidating BSM Higg 7.\ LHC- 1), SEmrRta™
1 dataset by end of this (\‘" X B8 %) ) Il

* Shown here o V‘\‘\g and personal excerpt of most important results (others
will be come g from 2015 on):

e X — H} es (in 4b CMS-PAS-HIG-14-013 and 202y CMS-PAS-HIG-13-032 final states).

* A — Z(40)h(bb) searches (CMS-PAS-HIG-14-011), w/ first interpretations in general 2HDMs.
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Backup _\g(“.

Karlsruhe Institute of Technology
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Charged Higgs boson search ( H/— — tb) _\\J(IT

Karlsruhe Institute of Technology

« Start off from regular ¢t analysis in the ur, and the ¢ channel (¢, ¢/ = e, 1):

T
h CMS Preliminary, ys=8 TeV, L = 19.7 fb!
b E 20 I L] L] L] L] I L] L] n n I L] L] L] L] I L] L] L] L]
a —e— observed
— 18F ... median expected
[ ] + 16 expected
16
U, _HT [ ]+ 2c expected
t — fupb % m{'°%* scenario, tan=30
= still a factor ~5 from
t— pvub = being discriminative
F s Cob o within this benchmark
= model
L] [ " L] m
* Discriminate signal from X
. b
background via N(b-tag).
* Take into account signal in oblo o Ty Ty
HY/- b &in HY/- — v, 200 300 400 500 600

M,.[GeV]
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Charged Higgs boson search ( H/~ — tb)

AT

Karlsruhe Institute of Technology

CMS preliminary, Ys=8 TeV, J L=19.7 b "
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Charged Higgs boson search ( H/— — tb) _\\J(IT

Karlsruhe Institute of Technology

20 CMS Preliminary, ys=8 TeV, L = 19.7 fb! CMS Preliminary, Ys=8 TeV, L = 19.7 fb™!
E I L] L] olbsle'!veld L] L] L] I L] L] L] L] I L] L] L] L] E 9 I L] L] olbsle'!veld L] L] L] I L] L] L] L] I L] L] L] L]
= 18 ... median expected o F e median expected
$ 16 |- [ £ 10 expected "% 8 [ ]+ 1o expected
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10F 2 T b 5F H™ — 1v
8 4
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Charged Higgs boson search ( H/~ — ¢s)

AT

Karlsruhe Institute of Technology

e Start off from regular ¢ analysis in ;. + jet channel (based on 20fb™ on 8 TeV).

* Reconstruct my from kinematic fit (using m; = 172.5 GeV).

BR(t — H*b) =02 BR(H* —c¢s) = 1.0

% IIII|III|III|III|III_
#® Observed
2 2500 —
i []Diboson —
Bz —
[ singleTOP 7
2000 W ]
1500 —
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1000 1
500 —
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CI:.! o o4
s
]
o 02
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04 R
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T20 140
M, (GeV)
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13035TWiki

Charged Higgs boson search (H+/— — TV) ﬂ(".

Karlsruhe Institute of Technology
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o(tf,8 TeV) = 257 & 25 pb
arXiv:1407.6643
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http://arxiv.org/abs/arXiv:1407.6643

Performance of hadronic 7 reconstruction _\g(“.

Karlsruhe Institute of Technology

* Control efficiency within 7%
using tag & probe methods:

events/10 GeV/c?
(2)]
[an]

20

@ Data
B2y -t
T Qco
W + jets
Wz —-ptw
Wl tT + jets

passed HPS loose |

50 100 150 200
u-jet visible mass (GeV/c?)

49

events/15 GeV/c?
3
[

# Data
Wzty -7
= Qco —
W+ jets
Wzl —ptw
B tt + jets

failed HPS loose

50 100 150 200
1-jet visible mass (GeV/c?)

* Control 7, energy scale within 3% from fits to

Mr vis -

E 0.6 T T T 3 T T T T

= # Data c # Data

= . . = . .

> =mm == Simulation > 0.6} = Simulation i

« | [T 1= TauES*1.03 © | == TauES*1.03

E 04_ ||||||||| = TauES*0.07 _ E === TauES*0.97

[ [ -

] (1]
0.4 ELEE -
0.2 .

- -' [N ]
0 | | | | | 0 | P el | | | |
04 06 08 1 1.2 14 04 06 08 1 12 14 16 18
visible t (nn°) mass (GeV/c?) visible T (nnn) mass (GeV/c?)

* Uncertainties further constrained by maximum

likelihood fit in the statistical inference for signal
extraction.
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Performance of hadronic 7 reconstruction _\g(“.

Karlsruhe Institute of Technology

» Efficiency ~ 60% (~ 3% fake rate), flat for pr(7) > 30 GeV & independent from PU.

Efficiency
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Simulation
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MSSM model dependency ﬂ(".

Karlsruhe Institute of Technology

* In the SM analysis we chose nearly 100 different event categories. \Why not choose
more categories in MSSM analysis?

O-jet 1-jet 2-jet
* In gg9¢ pr spectra of Higgs bosons e | meoso0cer |BTrS
change with other particles in loop: , e |
prh > 45 GeV high-pr™ high-pr™ boosted loose
HTh baseline low-py™ low-pr™ Vereg
""""""""" s o | [V
ST baseline low-py™ low-p™ HERHEE
. Emiss > 30 GeV
""""""""""" e oy righ-py s
ey baseli low-pqH low-p+ VBF tag
* Checked with pure b and puretin |
loop from pythia that current oy, oo Y e 2t
. . . e ’ , low-py! low-py!
categorization is not sensitive. e . i
* Refrained from categorization that & boosted | MY ‘ VBF tag
depends on Higgs pr. e e P ST
100 GeV 170 GeV m; > 500 GeV
|An| > 3.5
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Model independent limits (2D) XIT

Karlsruhe Institute of Technology
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Model independent limits (2D)

AT

Karlsruhe Institute of Technology
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More benchmark scenarios... (new method)

XIT

Karlsruhe Institute of Technology
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More benchmark scenarios... (old method)

XIT

Karlsruhe Institute of Technology
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H — p7 Input distributions AT

Karlsruhe Institute of Technology

CMS preliminary 19.7fb", Ys =8 TeV CMS preliminary 19.7 " {s=8TeV
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X —+HH

AT

Karlsruhe Institute of Technology

* Within the SM (g9 — HH,8 TeV) ~ 10 fb~lis out of reach for current analyses.

* But in BSM models like Warped Extra Dimensions (WED) o(H — H H) can be

enhanced by several orders of magnitude.

* This motivates searches for resonant decay into (“SM”) Higgs bosons:

narrow

resonance

(—> 1 GeV)
strong mass
constraint

S7

b

X — H(yy)H(bb) CMS-PAS-HIG-13-032
* High resolution of 1.

* High BR of BR(H — bb) = 0.57.

X — H(bb)H(bb) CMS-PAS-HIG-14-013
* High BRof BR(H — bb) = 0.57.
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X — H(~yy)H (b))

AT

Karlsruhe Institute of Technology

Same 7y reconstruction as for cut based H — v+ SM cross check analysis.

* Two event categories: medium(high) purity — 1(2) b-tagged jets.

* Improved (b-)jet energy resolution by kinematic fit (cf. 4b analysis).

0.7

0.6

0.5

0.4

0.3

Fraction of events / 40 GeV

0.2

0.1

X — HH - yybb

58

Signal extracted from

parametric signal &
background model.

Signal shapes * Window on
------ M, = 300 GeV
............ M, = 500 GeV mMpb & Mbbyry.
...... M, = 700 GeV
------ M, = 1000 GeV * Extract signal
I standard model Higgs
from m. .
; 20 \""|""|""\'~u
= 260 GeV ]
8 18—x - HH_VY’Ybb +Data =
M m r — Fit
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X — H(bb)H(bb) ST

Karlsruhe Institute of Technology

* Select 4 b-jets w/ highly efficient b-tagging algorithm (CVMVA € = 75%, f =3.4% ).
* Improved (b-)jet energy resolution by kinematic fit (20-40%).

* Distinguish high(low) mass region for association of h-jets to h(125) candidate.

Imis¢ — 125 GeV| < 35 GeV AR>15 (pr > 300 GeV)
200k 4 Datain SR 2 4 Data in SR
C O
(02 20 — Background = 250 — Background
E E — Multi-jet =T — Multi-jet
s18p x2ndof = 1.09 T x2/ndof = 0.96
> T 020
W16— p-value = 0.23 T p-value = 0.56
15— ™
'Nlll ||| ) | \
y ||| I 10 |
ik l||‘ il | . J‘ . l!i.
fjoy l“l ||I 7 II“
Il:|| |i|!| e/ Eae
| I M > ‘Nhuh..-..‘
11 | 1111 | 11| lll l 0 | | | | ‘ | 11 | | | 11 | ‘ | | | | | 11 Il |
300 350 400 450 500 550 600 650 400 500 600 700 800 900
m, (GeV) m, (GeV)

* Extract signal from parametric signal and BG model (—BG: 20% tt, 80% QCD).
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X — H(bb)H(bb) : Template validation AT

Karlsruhe Institute of Technology
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X — HH : Spin-0 result

AT

Karlsruhe Institute of Technology
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X — HH : Spin-2 result

AT

Karlsruhe Institute of Technology

5 17.9-19.7 o' (8 TeV)
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