International Symposium on Higgs Boson and Beyond 1

2016/8/15 Standard Model Physics

BSM Higgs searches In
ATLAS

Takanori Kono (Ochanomizu University)
for the ATLAS Collaboration

International Symposium on Higgs Boson and
Beyond Standard Model Physics

Weihali, China
August 15 - 19, 2016



International Symposium on Higgs Boson and Beyond 2

2016/8/15 Standard Model Physics

Beyond Standard Model Higgs

- New heavy scalar particle
vy, Zy, ZZ, WW,ZV channels in various subsequent decay modes

- Two Higgs doublet model (2HDM)
- Five Higgs bosons (h, H, 4, HY)
- Charged Higgs
- H/A > 17T
- H>hh

- Minimal Supersymmetric Standard Model (MSSM)
- Similar to 2HDM plus superpartners of SM particles

- Dark matter candidate
- Associated production of dark matter candidate and Higgs boson

- Most of the results shown are based on 2016 data
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H—-vyy

* Two isolated photons
. E}’ > 40,30 GeV for leading and 2"d |leading photons

* An excess of events at m,,,~730 GeV was observed at the end of 2015

 However, no such excess was observed with more data

ATLAS-CONF-2016-059
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H—-vyy
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vy + EXUSS final state

Event selection
« 2 photons with p; > 25 GeV

Dark matter models
« /' mediator coupling to dark

* Er/myy > 0.35,0.25 for leading/sub- matter fermion and SM Higgs

leading photons
+ 105 <m,, < 160 GeV

« Heavy scalar particle decaying
into Higgs and a pair of dark

. . miss oci~nnifi .
4 categories based on E1"° significance matter candidates

and p}Y
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H - Zy

s H-o>Zy -1ty

« Many extensions of the SM Higgs
sector introduces new massive
bosons which may decay to SM

Standard Model Physics

ATLAS-CONF-2016-044

ATLAS Preliminary PO X2y, 7 6%, Wi

Vs=13TeV, 13.3f"

Events / 20.0 GeV

* data

gauge bosons 12; F et , E
» The decay occurs in the Standard e 20 i
Model via top or W loop %‘:zgf” .7 ”, - ]
. BR(SM)=1.54x103 el Py

- Measurement using leptons and = — .
photon is experimentally very clean S gL ATLAS Preliminary _g)fsz:t’jj il
- Analysis with hadronic Z decay with 3.2 U ’?jf;é(/ e
fb-1 has also been performed & - [ J+2o ]
(arXiv:1607.06363) X 10 E
* No significant excess is observed z | ]
in the mass range 250 — 2.4 TeV o 0% E
« Upper limits on ¢ - BR range from 50 ;

215 fb to 5 fb in the mass range s PTCR
between 250 GeV and 2.4 TeV my [GeV]
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» Various final states are possible in decay modes with two massive gauge

bosons
H-ZZ -1t~
H- 7ZZ
H-ZZ->1Tl"vv
H-ZV -1t qq
HE¥ - ZW —
H - ZV - vvqq
H->WW - lvqq
H - WW - lvly
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H - 77 - 4l

« High mass resonance search in my; > 140 GeV
« Event categories
« VBF (vector boson fusion):
- More than 2 jets with m;; > 400 GeV, |An;;| > 3.3

* ggF (gluon-gluon fusion):
 Events which fail the VBF criteria

Standard Model Physics

ATLAS-CONF-2016-079
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« Also used a larger
widthT'/m =1,5
and 10%

* No significant
excess is
observed
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[T1~ + ETUSS final state

Several processes may produce this final state

e H-oZZ -1l v

« Z+ y - 1l*l" + y (xy undetectable, mono-Z) ——
« ZH - Il + X (X undetectable, invisible Higgs) «

Final discriminant:
« ED'®®inlow-mass region
 mq in the high-mass region

Backgrounds:
-ZZ, WZ and Z+jets

non-resonant-Il
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ATLAS-CONF-2016-056
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Results of [T]~ + E{‘niss channe| [AtLas-conrF-2016-056
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H - ZV - llgq

A heavy object decaying into two

vector bosons which further produces

two jets
Two analysis strategies for resolved
and merged jets

ATLAS-CONF-2016-082

International Symposium on Higgs Boson and Beyond

T T T 11T r11r 1T T T T T T T T T 1
L ATLAS Preliminary ——— Merged analysis

- g9 —+H—~ZZ = liqq
—e— Combined

—— Resolved analysis -

11

Standard Model Physics

Resolved analysis

Merged analysis

l

Large R (R=1) anti-k; jet
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H-ZV - lqu ATLAS-CONF-2016-082

Resolved analysis Merged analysis
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Largest deviation is observed around 500 GeV in the resolved analysis
2.750 (local) and 1.4¢ (global)



International Symposium on Higgs Boson and Beyond

AW Standard Model Physics 13
H - ZV - llgq
ATLAS-CONF-2016-082
ggF VBF
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Upper limits on observed cross sections
« ggF:o0-BR =1.28 pb — 6.2 fb in the mass range 300 — 3000 GeV
« VBF:.o-BR =0.6 pb-5.2 fb in the mass range 300 — 3000 GeV
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H - ZZ - vvqq

Require that gq system to be consistent
with either W or Z
EMiss>250 GeV

Upper limitono(gg - H) - BR(H —» ZZ) is
given
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ATLAS-CONF-2016-062

H-WW - lvqq

B 100 o s "Data201516

g oo ATLAS Preliminary E ﬂwﬂets é

é 1o ﬁ;’ : Telvl;lm:zm:H P) E giigglse(;;s —%

Event selection P St Ll
« ET™%>100 GeV, pr(lv) > 200 GeV ‘ ;
* Large-R jet (J) e T
» Selection for 2-prong sub-structure =S SRR {L T \\

« high-purity and low-purity samples § RSN \ \

depending on the sub-structure 500" 1000 1500 2000 2500 3000 3500 4000 4500 5000

* pr(D/my; > 0.5,pr(lv)/my,; > 0.5 s 6

10°
ATLAS Preliminary —=— Observed 95% CL upper limit

10 Vs=13 TeV, 13.2 ! T Expected 95% CL upper limit
[ Expected limit (+ 16)
[ ] Expected limit ( 20)
Scalar Singlet (NDA)
Scalar Singlet (Unsupp.)

Backgrounds
« Main backgrounds are W+jets and tt
« Separate signal and background using

o x BR (Scalar — WW) [pb]

Nb,m] 10_2§
e N, =>1> tfandin W mass window T
. N . 0 and 50 < m] < 68 2 Or m] > 500 1000 1500 2000 2500 o 3\[0]00
b - . . . . Mscalar e
108.4 GeV > W control region Exclusion limits

 masses below 2500 — 2810
(2400 - 2540) GeV for neutral
(charged) scalar
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H->WW - lvly

Standard Model Physics

Event selection

« Different flavor, opposite sign
leptons (pt > 25,15 GeV),

° |AT]”| <18, my; > 10 GeV

Event categories
« VBF1J (vector boson fusion):

* Ng=1,my; > 400 GeV, |n;| > 2.4
« VBF1J (vector boson fusion):

* Nob-jet Ne= 2, mj; > 500 GeV, |Ay;;| > 4
Backgrounds _ _ « ggF (gluon-gluon fusion):
*  tt: control region (CR) with b-jes - Events which fail the VBF criteria
«  WW: CR with reversed An;; cut
l mlss ->ll ->mlss - - -
ggF Category my = \/(E + E7 | | ATLAS-CONF-2016-074
%:0: ATLAS Prehmmary +d .OlherW T T T T T T T T T T T ) .
g 04 \s=13Tev, 13.2 10" g:zi:x:jzz :::els 10 ATLAS Preliminary +Observed((CLs)) eI NO S|gn|f|cant excess
£ 1 HoWW- eviy agF SR o Zajets F \s=13TeV, 132" ---- Expected (CLs) 1 .
& 1o ;sws,s@stag u Hos WW=s eviav (ggF, NWA) 5*;‘; in the mass range 300

| —3000 GeV

i+ o0-BR < 4.3pbat
my = 300 GeV and
o+ BR < 0.051 pb at

-
TTT

107" |

95% CL Limit on & x BR(H— WW) [pb]

= E ‘ ‘ I 1 I r E

[42] 1'5: _+_ E

< B o o .LI ; J—

Eose o+ [T | \ J my = 3 TeV
TE E 102 L—L 1 | L1 1 L1 1
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VBFR - WW - lvly

Search for a heavy neutral resonance
* An extension of the Higgs sector with

>
[O]
O]
o
L0
-
%)
a2
c
(0]
>
]

a tensor resonance in effective field
theory (Phys. Rev. D93, 036004)

 |In such models, additional
contributions arises in VBF

q

(MWW = (P, + Pp, + P™5)(Py, + Pp, + P™)

Observed cross section limits are betweer
460 — 220 fb for resonance mass of 200 —

500 GeV

Data/SM

4

95% CL Limit on o(qg — Rqq — I'vI¥qq) [fb]
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ATLAS-CONF-2016-053
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ATLAS Preliminary ﬁszis
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S di-boson_QCD
di-boson_EW
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Two Higgs Doublet Model (2HDM)

- Standard Model has only one SU(2), Higgs doublet

- 4 degrees of freedom - 3 for longitudinal components of gauge
bosons + 1 Higgs patrticle

- Two Higgs SU(2), doublets

- Straightforward extension of SM, but in some models this is a
necessary requirement (e.g. MSSM)

- 8 degrees of freedom - 3 for longitudinal components of gauge
bosons + 5 Higgs particles
- h, H (neutral, CP-even), A (neutral, CP-odd), H*
- Two vacuum expectation values v, and v,
- v +v7 = (246 GeV)?, tanf = v, /v,
« a. mixing angle between the CP-even states (h and H)

- Coupling between Higgs and up-type (down-type) particles is
proportional to v; (v,)
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ATLAS-CONF-2016-085

Efficiency

0.8
0.6}
0.4f

0.2

ATLAS Preliminary
Vs=13TeV, 10.1 fb" ]

T, Tqq Channel i
—+ Data 7

— Fit

N N B B B
100 150 200 250 300
|6T(u)+E:'SS|[GeV]

» Analysis aimed at large tan 8
 Require at least one 7 to be decayed hadronically

TlepThad Channel

* Db-veto category, b-tag category (single-lepton trigger)

- High Ef"'sS category (Ef's>150 GeV or |p} +
®* ThadThad channel
* Db-veto category, b-tag category

EXiss|>150 GeV)

Final discriminant

mwt \/mT(Em'SS T1) + .r’.'iT(Em'SS ™) + mT(Tl ),

mr(a,b) = \2pr(a)pr(b)[1 — cos A (a,b)]
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H / A—-1T Signal regiOﬂ ATLAS-CONF-2016-085

I Y4 S L L B B - g -l AL R L R IS I RS I R
8106 ATLAS Preliminary —*— Data 810 ;E ATLAS Preliminary —*— Data é;
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« mq distribution for 2 categories (lep/had b-veto and b-tag)
« Main backgrounds are Z — tt and tt
« Data is described well by SM prediction (also for other categories)
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H/A - Tt results

3‘ T T T [ T . T - 1 [ ] ] 80 — — — — —
& ATLAS Prel|m|nary —— Observed % B ATLASIPrellmlnar)II I_ Observelj ]
T 10f HA — 1,95 % CLlimits =~ - =xpected 5 2 S0F HA -t 95%CL limits -~ - Exwected .
F (5=13TeV, <133fb" | o - 0p ’ 1 Bl E
¥ F fs=13Tev, <13, -20 : - {s=13TeV, <133 1b 220 ]
< - gluon-gluon fusion [_12015,3.2 b (Obs.) ] 50 C  hMSSM scenario []2015,3.2 b (Obs.) -
5 . N
- ATLAS Run1, SM Hi
% 1 : | 50E ] ‘ S un.1 iggs
< = . B oson couplings (Obs.)
D " i N
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Excluded region

e tanf>9 for m,=200 GeV

e tanf>42 for my=1.2 TeV

« Exceeds the previous results for m,=350 GeV
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ATLAS-CONF-2016-073

« H/Z — tt is enhanced at low tan 8

* Interference between SM continuum gg — tt

c=S+]+B « Event selection

(signal, interference, bg) « 1lepton + >4 jets (=2 b-tag)

« MadGraph5_aMC « tanp < 0.85 (< 0.45) are excluded for m, = 500 GeV
had been used to (my = 500 GeV)

10°
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L L Data 2012 |
genera e e & [ ATLAS Preliminary 2 ATSHNT BT e resulits
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> - 1 T T 1 B - -
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2 : — S+l 15=8TeV, [Ldt=20.3 b ] 10— Lrjets 1 =
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] B _ B B/ A EL LD Exp. 95% CL upper limit
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Charged Higgs

g . b g Hj
/
A /
/
______ H+ < /
A
- £ b t
g
4-flavor scheme 5-flavor scheme

« Main production mechanism is the associated production with a top quark
* The coupling depends on the value of tan 8
« Searches are performed in the mass range of 200 - 2000 GeV

« H* - %y, channel 2 t +jets (from associated production)

« H* - tb channel (dominant at m,+ > m,)



2016/8/15

International Symposium on Higgs Boson and Beyond

24

Standard Model Physics

H* - 17 + v (+ets) channel

> 106 T T T T ‘. B T T T T 3
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H* (- ttv,) + jets

42<tan <60 is excluded for
charged Higgs mass of 200 GeV
At tan f =60, the charged Higgs
mass from 200 to 540 GeV is
excluded

ATLAS-CONF-2016-088
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c
55
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45 F
40 -
35¢ ATLAS Preliminary -
30F \s=13TeV, 147 16" 3
. H" — tv; hMSSM scenario]
25F Observed exclusion
o0f 2015result - Expected exclusion
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H* = tb channel ATLAS.CONF-2016.085

. . . - % 10°F ATLA I reiminaI I I I-¢-Data ‘ .HL 800 Gevy
Search in semileptonic tZ channel 8| S0 Burate
« 1 lepton, > 4 jets (= 2 b-tag) e Dneataity

- Signal/control regions based on Nj.t, N, |
« CR:4j2b, 4j=23b, 5j2b, 26j2b
« SR: 5j3b, 5j24b, 26j3b, 26j=4b N .

« Maximum Likelihood to all regions N

i : : _

« BDT in the signal region g

$ 4000 AtLAS Preliminary +-Data [t >tc s b— - _ _ _

S 35000 V8= 13 Tev. 132 ! Eg;nﬂb Elgz')"(gm o Yeg, Y2 G, Y Gag, G, g
-;; 30000: P.re-ﬂt H 300 Gev == H+ Shape -H"‘1 pb ~— FT 1T I T I T I 1T I LI I LI I LI I T T I L I T T 14
e E 4j2b ) 2z Uncertainty S - . . . -
g 25000F Y S 0.5p; ATLAS Simulation Preliminary —
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= % % SR, 5),3b [] Background (300 GeV) -
200005_ 3 O.4Z fs=13TeV, 132" Background (800 GeV)
15000 H = < + T
: | Scalar sum of p; of S F 300GV
10000 - . S 03 ---H" 800 GeV -
" selected jets S BE
5000 i T =
ooceacaranaac : . ) E] 0‘2:__‘_ -
g 2 ' ] é% ...... =
1.5 3 ' -
= E 0.1 —
) s _
a8 1 ;’ 4 7%'-f: _
05 _': et ® ‘._..ua;ri%&_:‘....; R i e 24T e B _‘sY o T,
0 E -1 -0.8 06 02 0 02 04 06 08 1

2x10% 3x10° 10°
o o |_¢ad [Gev] BDT Output
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H* - tb results

ATLAS-CONF-2016-089

o) o a S I I ]
= ok ATLAS Preliminary _ § = -
% = —— Observed limit CLs) - - .
. I N Expected limit (CLs) - | imi
% B I + 1o - ATLAS Preliminary
- + 2 -
@ | — m o tanf=0.5 - 10 MSSM mmOd | ] Observed exclusion —
i mod- - . n
5 L m: N ::2113 éo _ T Expected exclusion E
T E - - N ESs ]
loE z _ 1
% - - L {s=13TeV, 13.2 b J+2 4
L H'>tb _
1o Vs=13Tev, 1321 _ Q\x\h ?
E E Y NN T TN
| i BRI R S A AR SR B S | i 300 400 600 700 1000

300 400 500 600 700 800 900 100C
m,- [GeV] My [GeV]

« Limit on the cross section X branching ratio

* ¢ -BR=1.09 pb for m,+=300 GeV and

* ¢ -BR=0.18 pb for m,+=1000 GeV
* tanpf inthe range 0.5 — 1.7 are excluded for 300 < my,+ < 855 GeV
 tanpf > 44 at my+=300 GeV and tanf > 60 at m,+=366 GeV are

excluded
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hh — bE bB ATLAS-CONF-2016-049

.| ATLAS Preliminary
! {s=13Tev, 2016, 10.1f0" | "

q - e ——__ hY rtTOSOEO0TE00Y

Fvanie/0 CRa\/2

t/b A Y

. * side-band,—u

; T BSM '+ control — | sy o
e - and signal —= g
regions i
~» Self-coupling

hh — bbbb | it |

- Resolved analysis S T e cev]
+ anti-ky jet (R=0.4) 2015 rees ey - vemmorear
« Pair of b-jets to form Higgs candidate o6 goo Fo T o s
* [nvariant mass of two Higgs candidates o E
« Background: multijet (98%) and tt (2%) éo';i:_ ]
« Boosted analysis Zoos //’ N ;
- anti-k; jet (R=1.0) p;>250 GeV, m;>50 GeV 06 | :
« 2,3 o0r 4 b-tagged track jets o \\_\ ;
 Invariant mass of the two large-R jets 13 AR ¥
1000 1500 2000 2500 3000

« Background: multijet (83-87%) and tt

Effect of b-tag on efficiency =~ Mass[GeVl
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Jup gmaseammy owm

« Dominant background is multijet and tt 2 [ Somneenneete Zaom
« Limit on spin-2 resonance - S S earany
e ¢ =1000 - 2 fb in the mass range of U E
300 — 3000 GeV IS A I .

« Limit on non-resonant production

10
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9 J 0 e Expected Limit (95% CL) g | _ATLAS Prellmlnary Vo
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hh - yyWW - yylvjj

AS

ATLAS-CONF-2016-071

——
.

— T
Data

% 14§_ IAT“LAS Preliminary % Continuum bkg._i
» Clean signal from h = yy R -
« Large branching ratio of h - WW 5 -
Event selection Zi_ E
- Two photons (p} > 35,25 GeV) i3 E
« 105 <m,y, <160 GeV 2 -
 Require 1 charged lepton i 0—‘ T “5
s NERARY A mR T bt
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Conclusion

- Searches for BSM Higgs has been performed in various
channels have been performed
- High mass resonances
- Heavy particles decaying into SM Higgs
- Associated production of Higgs and DM candidate

- No significant excess is observed

- Excess at 750 GeV in diphoton channel became less significant
with 2016 data

- Expectation for results from LHC Run-2
- So far in 2016, ATLAS has collected ~20 fb! of data at 13 TeV
- By the end of Run-2 (2015 - 2018), 100 fb! is expected
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