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Road map...

* Front page: Higgs why & what?
* The discovery and role of the di- 7 final state.
* Search for LFV in the Higgs sector.

* Di-7 final states and CP measurements.

* Search for additional Higgs bosons in
extensions of the SM.

Disclaimer:

* This is a personal choice of topics, which are strongly 7-lepton related.
* When discussing results and measurements | will mostly stick to CMS.

* Since all results are well known in the meantime | will stick to the principles/physics part
more than the technical details of the analyses.



Higgs: why & what? ...\\J(IT

Karlsruhe Institute of Technology

* Question: how can the SU(2); x U(1)y symmetry be the source of electroweak
interactions and at the same time elementary particle masses # 0, which explicitly
break this symmetry.
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Higgs: why & what? ...\\J(IT

Karlsruhe Institute of Technology

* Question: how can the SU(2); x U(1)y symmetry be the source of electroweak
interactions and at the same time elementary particle masses # 0, which explicitly
break this symmetry.

* Answer : Higgs-mechanism

LHee = 9,6'01 ¢ — V(9) * Symmetry inherent to a system but not to its
V(¢) = —u2¢1¢ + A (¢¢)° energy ground state (— quantum vacuum).

* In a quantum field theory (QFT) this can lead to
the existence of new physical particles (— Higgs
boson(s)).

Non-zero vacuum expectation value v
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Higgs: why & what? ...\\J(IT

Karlsruhe Institute of Technology

* Question: how can the SU(2); x U(1)y symmetry be the source of electroweak
interactions and at the same time elementary particle masses # 0, which explicitly
break this symmetry.

* Answer : Higgs-mechanism

LHee = 9,6'01 ¢ — V(9) * Symmetry inherent to a system but not to its
V(¢) = —u2¢1¢ + A (¢¢)° energy ground state (— quantum vacuum).

* In a quantum field theory (QFT) this can lead to
the existence of new physical particles (— Higgs
boson(s)).

Re(#) Non-zero vacuum expectation value v

* A Higgs boson has very a peculiar coupling structure, needed to preserve the
symmetry of the system:

faops =it (trilinear coupling to fermions )

. 2m?2 . :
fr—vy =4=% (trilinear coupling to vector bosons)
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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

6 Institute of Experimental Particle Physics (IEKP)


https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig12028TWiki

Higgs: a known suspect ..\X‘(IT

Karlsruhe Institute of Technology

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

mp = 125.09 + 0.21 (stat.) £ 0.11 (syst.)GeV
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Higgs: a known suspect (IT

: : : H— 77 2In(L, /cy)
* We know it exists (arXiv:1207.7235)! .
. Se ' -
* We know its a boson. X 2
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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:
myg = 125.09 + 0.21 (stat.) + 0.11 (syst.)GeV

* We have reasons to believe that it is a
C P-even spin-0 object.

* We have strong evidence that it couples
to fermions.

10
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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:

my = 125.09 + 0.21 (stat.) + 0.11 (syst.)GeV
19.7fb' (8 TeV) + 5.116' (7 TeV)
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Higgs: the role of m-leptons

CMS \s=7TeV,L=5fb" \s=8TeV,L=19-201"

* Most convincing part of evidence
for Higgs boson like coupling to
fermions comes from H — 7.

* H — 77 is a crucial part of our
current understanding of the
Higgs sector.
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Higgs: the role of m-leptons ..\g(“.

Karlsruhe Institute of Technology

* Event yields from pure o X BR (i.e. before any reconstruction & selection):

Decay +/s =8 TeV, 20 fb~! Vs =13 TeV, 300 fb~1
Channel inclusive inclusive gg— H qq—H WH ZH ttH
Yy 1000 33 000 30000 2 300 1000 700 300
47 50 1500 1300 100 50 30 15
WW 5000 150000 130000 10000 4500 3000 1500
bb 120000 400 000 350 000 30000 12000 10000 40000
TT 30000 1000000 900000 70000 30000 20000 10000
o 100 3000 2500 200 90 60 30
. . _ H — bb
* Typical environment: 8 T e g T
% 5 EL’J‘, b5 E%‘;?,‘“‘"’ CMS, 19.7 fb" at 8 TeV H — 7T
* H — bb subject to i E S AR S
fierce environment. ° LW ¢ 1: —=— Osserveg ;
EE 1.4 — = tEiIectroweak —
* Much cleaner selection S r2f = Bia, uncertainty
iInH — 7. °
* Backgrounds easier to
control. 5
1E 0.8 06 04 02 0 02 04 06 08 1 "o 100 200 300

BDT output
1 3 (*) in VH production mode. e

m, [GeV]



Search for Higgs bosons in the di-7 final state ﬂ(".

Karlsruhe Institute of Technology

Ve, Vy, d
Decay Mode BR
T — eVels 17.83% :
T — [V, Vs 17.41% W~ e L1 ,u

T —1-prong v, | 37.10%
T —3-prong v, | 15.20%
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N 5

* Search for 2 isolated high pr leptons
(e, i, Th).

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

* Exploit characteristics of production
mode to increase sensitivity. Th

Six decay modes:

ThTh, UTh, €Th,

ef i

Institute of Experimental Particle Physics (IEKP)
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Reconstruction of hadronic 7-leptons ﬂ(“.

Karlsruhe Institute of Technology

..2 16000 =
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15

Exploit particle flow algorithm: distinguish
between 7, neutral and charged hadron .

* |solation (based on energy deposits in
vicinity of reconstructed 73, candidate).

* Discrimination against electrons (based
on shower shape & E/p ).

* Discrimination against muons.

* Allows for independent cross check of
71, €nergy calibration (use 3% uncert.).

 Efficiency =~ 60% ( ~ 3% fakerate), flat
as function of pr(7,) and N (vtz).

Institute of Experimental Particle Physics (IEKP)



Reconstruction of m.-, ﬂ(“.

Karlsruhe Institute of Technology

* Likelihood approach:

T,

/ i~ 0.16
\el S i —— H—ttmy =125 GeV
— e E 0.14
»C — . je; >< EF - Z—1t
2 5 0.121
= - Resolution: 10% - 15%
0.1
* ME for leptonic + decay or phase space 0.08l-
kinematics of 2-body decay of 7, . 00sF
 Estimate of expected Er resolution on 0.04}
event by event basis. 0.02]
* Inputs: visible decay products, x-, y- % ~"B0 100 150 200 250
component of E. 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.

1 6 Institute of Experimental Particle Physics (IEKP)



Control of backgrounds

AT

Karlsruhe Institute of Technology

0

From simulation.

L =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.

Normalization from
sideband.

QCD multijet

Normalization &
shape taken from
LS/OS or fakerate.

17

Full consideration of uncert.
due to limited statistics in
control or MC samples in bulk
of distributions.

500

400

0
0

Taken from arXiv:1401.5041
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Further event categorization .\\J(IT

Karlsruhe Institute of Technology

* Further event categorization to increase sensitivity of the analysis:

%'I’ * Most sensitive for VBF production mode.
N
\
— * Larger statistics. * Suppressed Z — 1T
9 background.
= * Improved m., resolution. ¢
> L

g
%'I’ * In situ calibration of important uncertainties.
o

Increasing pr of 7 or p .

1 8 Institute of Experimental Particle Physics (IEKP)



Further event categorization

XIT

Karlsruhe Institute of Technology

ThTh
(8 TeV only)

O-jet 1-jet 2-jet
pr > 100 GeV
P > m; > 500 GeV m; > 700 GeV
: 100 GeV |Ary| > 3.5 |Any| > 4.0
tolrm gl igh-p.th high-p;™
P > 45 GeV high-p;™ high-pr boosted loose
. - VBF tag
baseline low-p; low-pr
) . high-p;™
_n.th h T
b > 45 GeV high-pr" GPr | poosted loose
. " VBF tag
baseline low-py” low-py*
E%“SS > 30 GeV
igh-p,¥ igh-
p* > 35 GeV high-pr high-p-* loose
VBF tag
baseline ey low-py*
high-p;! high-p;'
| T
p, > 35 GeV 2-jet
baseline low-py low-py/
boosted bggsr.]tlgd VBF tag
baseline
prt > pr't > p;™ > 100 GeV
100 GeV 170 GeV m; > 500 GeV
|An| > 3.5

19

~80 exclusive event categories.
6 inclusive decay channels.
Exclusive decay channels

for production in association
with W, Z bosons.

On 7 TeV and 8 TeV dataset.

O(700) nuisance parameters
in ML fit for signal extraction.

Institute of Experimental Particle Physics (IEKP)



D

istribution of m -,

(arxiv:1401.5041 )

AT

Karlsruhe Institute of Technology
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13004PubTWiki
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Evidence of

Higgs coupling to fermions

AT

Karlsruhe Institute of Technology

CMS H—tr, 4.9 fb™" at 7 TeV, 19.7 fb" at 8 TeV
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CMS 19.7 fb' (8 TeV)
pt, 0 Jets "_“
H — ut LFV Higgs couplings (arxiv:1502.07400) :
. . 10 p‘:e<2.Jel5_ |
* SM forbids LFV couplings at tree level. | & | oan 3% | ]
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* Three couplings are possible: 7 — e, | ]
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o Z Mo .
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14005PaperTwiki

H — ut LFV Higgs search results (IT

Karlsruhe Institute of Technology

Distribution shown
in previous slide.

CMS 19.7 b (8 TeV) 1 CMS 19.7 o' (8 TeV)

pt , 0 Jets

1.32% (exp.) .' * Observed E‘
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2.34% (exp) - 1 0-2 """""""""""""""""""""
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~ imi |
151% @ 95% CL 2.50 excess Strongest limits on the market!
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Higgs: CP properties (fromH — Z2) ﬂ(“.

Karlsruhe Institute of Technology

* Up to now C'P could seriously only be studied ¢ | = s
from angular analyses in H — ZZ decays. e

* From this we know: Higgs seems to be spin-0, j‘i'illll'l'l'i'l'lii1
CP-even.

0 o; T T 1 1 o2t 2% 2 2 2 2,
any any qg—X any q3—X any gg—X qg—X any gg—X gg—X gg—X

BUT

* Both in the SM as well as in any extension that is being discussed at the moment
a C'P-odd Higgs boson (component) would not couple to vector bosons at tree
level (—only know the expected)!

* InH — ff a CP-odd coupling of the Higgs boson can easily be incorporated at

tree level:
% C P violating phase

Ly = —N (cos ¢TT + sin ¢p7iys7) H
C P-odd Yukawa coupling

24 Institute of Experimental Particle Physics (IEKP)



Higgs: CP properties (fromH — 77 ) ..\g(“.

Karlsruhe Institute of Technology

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

Orbital momentum: > Intrinsic parity of fermions:
PY"(0, ) = (1) - Y,"(0,¢) P(f)=HD-f P(f)=(-1)-f

* Obtain C from P x (41) for permutations of objects (—spin statistics):

N\

1,+1) = 12, £1/2) @ [L/2, £1/2)

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

> (+1) under permutations.

/

0, 0)= \/g(P/z, +1/2y @ |12, =1/2) — (|1 /2, —=1/2) @ |1 /2, +1/2)) (—1) under permutations.

. ; L+1
* For two fermion system: P =(-1)*t C P of parent particle
(_1\L4+S translates into spin
¢ = ( 1) - configuration of two
op ( 1)S+1 fermion system.
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Higgs: CP properties (fromH — 77 ) ﬂ(“.

Karlsruhe Institute of Technology

C P-even: C P-odd:
L=1 S=1 L=0 S=0
ﬁTJF H T H T
— Q) —> — Q) —>
JCP — O++ . JCP _ 0+—
L_1j v/

. ; L+1
* For two fermion system: P =(-1)*t C P of parent particle
(_1\L4+S translates into spin
¢ = ( 1) - configuration of two
g fermion system.
CP = (—1)>*t1
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Higgs: CP properties (fromH — 77 )

Eg. 7~ —7m v
makes spin confi-

guration detect-
C P-even: CP-odd: able!
L= S=1 L=0 S=0
4 T 4 4 7
ot A .

Decay width: T'j_,.- &< 1 — 5, - 5§ 4 cos(2¢) (57 - 57 ) — sin(29) [(+ 1) ]%_}
J

A\ — _/
Y Y
C P-even C' P-odd
: . L+1
* For two fermion system: P =(-1)*t C P of parent particle
(_1\L4+S translates into spin
¢ _( 1) - configuration of two
g fermion system.
CP = (-1)"*!
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Transverse spin polarization in the di-7system ..\g(“.

Karlsruhe Institute of Technology

* Angle between spins
<> angle between o
decay planes:

D >
V;
Different admixtures of C P -even compared to
C'P-even and C'P-odd main background
ﬂ'+ o 0.070 ¢ o L L BN DL R AL BRI I @ 0080 pr—r T
- L —— o= /2 b c - ]
Pure C’P/Ej;;-: : > 0.075 E — CP_even E
even 5 3 - ] S 0.070F 3
| e 4 = — L =TT
‘ L 0065 3
® : . 3
0.060 - - ~ 3
0.055 — —!—_‘_ - —
Pure CP = 0.050 ;.4-—-.-47:::—-—-.-—-—_._--—-—--—-—:i:::--——-—_-—-{
odd 0.045 — —+ - —
arXiv:0812.1910 : R S T
........................ h Co oo o by oo o by n g o by o v o by oy o 1y a1 4
arXiv:1108.0607 O e e e
arXiv:1408.0798 Ocp Op
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http://arxiv.org/abs/1108.0670
http://arxiv.org/abs/0812.1910
http://arxiv.org/abs/1408.0798

Higgs boson in the MSSM

AT

Karlsruhe Institute of Technology

* A CP-odd Higgs boson is indeed predicted in Two Higgs Doublet models (2HDM)

like the MSSM:

H—I—
Hu—(H%), Yg, =41, vy: VEVy

H'= H, h, A

* Strong mass requirements at tree level:
Two free parameters: m.a, tanf = vu/v,
ma.,. =my +miy
i =4 (g )

+4m? m?% cos? 25)
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Higgs mass [GeV]
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SUSY particles as dark matter 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 dark matter particle x .

* Problem: SUSY itself is broken!
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Enhancement of down-type couplings ..\X‘(IT

Karlsruhe Institute of Technology

* In the MSSM coupling to down-type fermions enhanced by tan 5 for ma > mz
at LO (decoupling limit):

SM SM SM
gvv /vy Guu/ Gua 9ad/9a;
A — ~s5 cot 3 5 tan (3
H cos(f—a)—0 sina/ sin 8 — cot 3 cosa/ cos 5 — tan (3
h  sin(f—a) —1 cosa/sinff — 1 —sina/cosf — —1
10pr 19T (BTeV) + 5115 (7 TeV) o= f—m/2
T o CMS ' [—Observed | * Interesting decay channels:
N, 8— M K Ky -~ Exp. for SM H « H— 77 (&, =0842012)
6_ ".. /\du < 1.43 _;
5F - @ 95% CL | * Interesting production modes:
4F = g g b
3| \ E 00000000~
2 ( o oo utA
1 \ ‘\ ; , 9 ) b
o\ 1N 000000004——>——
0 0.5 1 15 2 o _
\ Mgy gg — H (“gg¢”) gg — Hbb ("bbo”)
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14009PaperTwiki

Simple check for C P-odd coupling in H — 77 ﬂ(“.

Karlsruhe Institute of Technology

* Check for gg — H as only signal.

* Remove VBF sensitive categories from SM analysis.

CMS, MSc Thesis, R. Caspart, H-tr, 19.7 fb" at 8 TeV
| T T T T T T T T

b ==8— Observed -

"y
F

Expected for H{125 GeV) as BG

- + 1o H(125 GeV) as BG _'
l:l + 24 H(125 GeV) as BG :

—t
N
Lan L

-
o
lll'll
l

95% CL Limit on 0/Cgy,

10

95% CL limit on o(gg—®)<BR [pb]
8

100 120 140
m,, [GeV]

CMS, MSc Thesis R. Caspart, H1r, 19.7 fb' at 8 TeV
- T T T T

I L] L} L] I
[ ... expected
- | SM analysis (HIG-13-004)
[ ----0--- MSSM analysis
N arXiv:1408.3316
H n“\
L “*o-__‘; |
i el TR ET
L1 P s, s
100 120 140

KIT Master thesis Rene Caspart mq, [GeV]

* Scan for additional CP-odd Higgs boson between 90 GeV and 145 GeV.
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13021PaperTwiki
http://ekp-invenio.physik.uni-karlsruhe.de/record/48590

Dedicated MSSM analysis (arxiv:1408.3316) ﬂ(".

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!
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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

* Search for a narrow resonance in gg¢ & bbg production mode:

CMS o= 19.7 fb™ (8 TeV

p— T | rrr &+ -+ 11 1] _ _ S o CMS e
Q o L 2 2 g Frlme st g [acmew | eel
= = - S ppey - = petpy
o L m, =125 GeV 95% C . . : 1 o Fap o
— s P < o Expected for L N o Expected for
D/ L I I T, SMH: T Y smH:
—_— - 68% C - g g H H -
3 o g g 2 . N
= bt 1 (A ) B N
= . - ey . \\ \
T Best fit L N oz f NN
5 . [ 1 N |
IR ST + \. > 0 e
E=S O Expected for e ; : : TN
[ el - - ©(gg¢)-Ble—r) [pb] (gg0)-Bl9—7) [pb] ©(gg0)-B(¢—) [pb]
Q i SM H(125 GeV)
—_—
_e_ . CMS ..o . 1 - o0 CMS e 1o gToY o CMS e .
a 2 - - ] o z oo T e Z oo ko
= el = S [T mesa = e oL
P el T & o+ ot E * & ooz o gestrt
o] - e L - & N 0 Expocted & £ 0 Expected for & 0 Expected for
—_ # g ~ S 125 Go g g - N -
o S F3 N K3 K S g N
g g g \
© ’ . ] i I i\
., ooz | S o
B . - ot \ ] 005 e S ] P I, ™
Y ™ N
- s, - L . A . i . . \
N s 0z os o5 os S oo 010 o ox oo o0 aor 5500 o005 500 aors
1 ______ *, 6(g90) B(o—>7) [pb] 0(990) B(¢->7) [pb] 0(990)-B(o—t7) [pb] 0(9g0)-B¢->77) [pb]
= -
o .
# . .,

7 ' ... (for 31 mass points btw. 90 and 1000 GeV,

LY
. " -

N _ — 1.25 x 10° scan points).

|..|..|..“\.|.“-...|...
0 2 4 6 8 10

6(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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Model independent limits (1D)

AT

Karlsruhe Institute of Technology

* Search for a narrow resonance in gg¢ & bbg production mode:

CMS o-u 19.7 fb” (8 TeV)
I L] L L] L] L]

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

[ + 10 Expected
[ ] +2c Expected

ggo

PRI ERERTIT BN ET

-
Do
~
~
~
N
-

.....

||||I11'I| ||||I11'I| TTIT

O
N
.
.
.
.....
LN

95% CL limit on 5(ggo)-B(0—>t) [pb]

* 1D limit contours on gg¢ & bbg profiling

corresponding other component.

35

95% CL limit on o(bbo)-B(¢—t7) [pb]

before

from two slides

CMS ¢ 19.7 fb™! (8 TeV)
I L] L] L] L] L] L] L] L]
10° —e— Observed
---------- Expected for SM H(125 GeV)
102 [ + 10 Expected
E [ ] +2c Expected
10 bbo
U3
10-1 _E ................
102 E
10'3 I L L L L L L
100 200 300 400 1000
m, [GeV]
E cMs, MISC Thesis R(I:npll:. H )nl, 9.7 'Ih"ilﬁ ;fe\l i ; . .
=
[+ SM analysis (HIG-13-004)
’é‘_ w‘> ---o--- MSSM analysis (HIG-13-021)
I
3 «f
= 20
E f “
a "
O "f o
R R ]
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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
. 4 -4 107
-~ 60 ?hllsl[un!:ul::llsl':edjl,h,!—|,AI—>1:*E,1E|3.TIIb {IBT?V]Iq-d;Qﬂ? .('?wa ok tanB:']5
E : 95% CL Excluded ] 10‘;
B — Observed 10°
50:— — SM H injected ool
. --- 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 i MSSMm™ scenario statistical interpretation is
i e 13 H H ”
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 £ (S B) Prasisna)
statistical inference: dMSSM/BG = £(N|B,is)
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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:

37

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 —

L( N|(Smssm+B),00ms50m)

E( N|(SSM+B)aéSM)
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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
180 GeV< my+/- <600 GeV.

38

>100'Z'I""I""I'"'I""I"'éM‘S" 1 19.7fb-1(8T9V]

G.) - / ={ — T I TrTTT | TTTT I TTTT | TrTTT | TTTT I TTTT | TTTT | TTTT]

O] - :‘g: + Date Preliminary | ‘8_ CMS pp — t(b)H, H" — v, ]

- a . — . i i —

8 80 | —H mH‘=300 GeV | 0-9 Pre”m;na,ty ‘Eh+jet3 flnﬂl state .

~ | [ Muttijets (data) - % 0.8 -= Observed :

B B EWKa+it with 1, (data) | . . -]

< i JEWK+ttno 1, (sim) | T ¥ Expected median + 16

g) 60— 2% Bkg. stat. _ m 0.7 e Expected median + 2c 7

T | 77, Bkg. stat.@syst. ] pd * ]

N 6,%B, 4, =1pb - T =

40l CMS-HIG-14-020 _ 6 00 ]

! & 05 =

i o ]

_ = —

20 - g0 :

_ = 03 -

. O gaf E

g 2 [ ex E BLD\ - i

m 15 g. stat.@syst. unc._f 0‘1 :_ _:

E 1 +..¢¢$ |:|Bkg.smt.unc 0) - I l I I | -

cU 05 __ 0 _I L1111 1111 1 111 L1111 1111 1 11 1 1111 11 11
o . . | ] 200 250 300 350 400 450 500 550 600
400 500 600 700
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14020TWiki

Charged Higgs boson search (H1/~ — 1v)

XIT

Karlsruhe Institute of Technology

* Translated into m 4 - 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.

tan B
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Charged Higgs boson search (H1/~ — 1v)

XIT

Karlsruhe Institute of Technology

CL(MSSM,SM)<0.05:

792 Observed . * 1o Expected

30

20

10

Expected

Combinaiion

MSSM m{™%* scenario

+ 2¢ Expected

Mass constraint:

mssw £ 125:3ey  tNE Plane in the

/

LHC run-1 data with CMS

-\1'\-1\-\1\- :’-'~-.'___3N'. "-"-\'.-.-9\1.-.'\.‘!-. L i

I;/ | l/l/l/l /1
/ 7

7 1

/ / -

MSSM/H)ggs béspn; on

Qombme/d s/eamb/fo,r al P(‘V

19.7 fb™ (8 TeV) + 4.9 fb™' (7 TeV)

l/|
%

KIT Ph.D. thesis Felix Frensch (to be published soon)

30

20

CMS hHA-w 19.7 b (8 TeV) + 4.9 b (7 TeV)
60— 1T T

tanp

CL(MSSM,SM)<0.05:

50 [ |— Observed
I P Expected ]
C + 10 Expected ]
401 b

+ 20 Expected

A [ it # 12523 Gev]
- MsSM m,** scenario
i “300 700600800 7000
H m, [GeV]
s ]

N pp — tlb)H, H' — t'v, ]

B 7, +jets final state ]

i MSSM m> ]

- —=— Observed N

B — - Observed *1c (th.) ]

- || Excluded :

— 555 Expected median + 16 —

B ------ Expected median + 2¢

- E Zoe miSSM  125:3 GeV ]

- ?%77”77777777% ]
:|—|l|||I||||I|||||||||I||||||||||||||I||||I||||_
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Conclusions ﬂ(“.

Karlsruhe Institute of Technology

* Di-7 final states are rich and important in the Higgs sector.
* Importance originates from combination of high mass and relatively clean signature.
* Implies:

* Large coupling to Higgs boson.

* Decays into hadrons that can be used to make spin correlations and thus the CP
measurable in 2-fermion final states.

* Even enhanced couplings in large number of BSM models.

* This makes di-7 final states in Higgs physics (especially for LHC run-2) a very
attractive area of research.
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Backup _\g(“.

Karlsruhe Institute of Technology
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Karlsruhe Institute of Technology

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 sSm) ST

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

095%

* Neutrino masses are not included in the SM.

535
s
s
RS
B
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 ..\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)

TR [1[EE—— oL AAL R S LA PR Rt ALNELALA LRSS 6 G CAL S
CM_S_ - 68% CL £ of CMS — Observed c 97 CMS — Observed
Preliminary : == 95% CL 4 8: Prelrm.'g%nf ----Exp. for SM H _ < 8' Preliminary -~ Exp. for SMH _
Ky ——tp—  004+0.14| 7;“""‘9’ BSM ‘o i s K‘éﬂ ' E
5 i 1.0540.16 6F E 6L _
; 5F = 50 =
Kt #‘ 0.81 :i: 017 47 S s 47 2 s
g 3 <0.32 @ 95% CL 3t /l<058 -
Ky LI 0.74 +0.31 oF /! E oF @ 95% CL S
% ——m—  0.84£0.19 1—F 1
| I | ‘ | I T . | I | N T | | | T | I I | fl "‘l'\’l 11 ‘ 11111 | Ll ‘ Ll | Ll |: :l bl | | | 1 111 HLL ‘ |||||||| | ||||||||| | |||||||||
0 0.5 1 1.5 2 25 00 0.2 0.4 0.6 0.8 1 00 0.2 0.4 0.6 0.8 1

parameter value BRgsu BRgsw

CMS-PAS-HIG-14-009
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14009TWiki

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

CMS oy 19.7 fb™' (8 TeV 8 CMS - 19.7 fb™ (8 TeV CMS oo
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Model independent limits (2D)

AT

Karlsruhe Institute of Technology
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More benchmark scenarios (as defined by arxiv:1302.7033) _\\J(IT

Karlsruhe Institute of Technology
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http://arxiv.org/abs/arXiv:1302.7033

More benchmark scenarios... (old method)

XIT

Karlsruhe Institute of Technology
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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)

51

150 200 300 ol
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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

Charged Higgs boson search (H+/~ — 7v) ﬂ(".

Karlsruhe Institute of Technology

* Translated into mg+ - tan 8 plane.
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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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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?)

54

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

Data
Simulation
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