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Introduction

Need to extend SM to address issues
like hierarchy problem, quantum
gravity, baryon asymmetry, dark
matter/energy, neutrino masses

Look for BSM physics by

* Looking for deviations from the SM in Higgs properties
measurements

* Directly searching for beyond SM objects
— Additional Higgs bosons decaying to SM particles
— SM Higgs decays to BSM states (eg. invisible decays)
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Beyond Standard Model Higgs Theories

SM Higgs

doublet == Additional Field == Additional Higgs Bosons

Neutral CP Even

EWS: Additional EW Singlet Mode|  mmm
SM == one scaler EW singlet ‘@) ‘@
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Beyond Standard Model Higgs Theories

SM Higgs

doublet == Additional Field == Additional Higgs Bosons

Neutral CP Even
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Beyond Standard Model Higgs Theories

EWS significantly constrained by Run 1 Higgs measurements

2HDM: two Higgs doublets ®; and &,

7/ parameters:

Mmp, My, My, Myz, Myy, tanf, « rommeel ATLAS
S. % I 1
1 1s=7TeV, 45-4.7 fb
Ratio on!EV of ®; and &, %  Bost fi v s
h & H mixing angle

- === Exp. 95% CL
— = SM

 Models motivated by bounds on FCNC g g
— Type | : fermions couple to &, ‘;
— Type Il : up type quarks couple to @,,

2,
down-type quarks & charged leptons '
couple to &y Eg: MSSM 1

_ _ . 04
 Run 1 SM Higgs results give big 03

constraints on 2HDM. Data prefers 027, S KKK
alignment limit: cos(f —a) = 0 101K A XX

r,

-1-0.8-0.6-04-02 0 0.2 0.4 06 08 1
cos(p-a)




Beyond Standard Model Higgs Theories

2HDM-Minimal Supersymmetric SM (MSSM)

* To reduce parameters define benchmarks defined:

s m,{mod: my, is close to 125 GeV

* hMSSM : measured value of my, 7 O oupings i, 5 1 ) O 22 o
"""" Xp- ------- Exp.
can be used to predict other -t BEEER Obs., Ho Wik v gt

Exp. — 4b, bb yy/tt, WWryy
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Masses

t
Ip
x
o

40F § ]
20| ! |
20 ! -

10

* |In Run 1 excluded many regions
of parameter space

1s=7 TeV, 4.5-4.7 b7
1s=8 TeV, 19.5-20.3 fo '
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ATLAS CcMS
Neutral Heavy  wv- fvqq, #vev 77 > 4¢, £€qq, £Lvv
Higgs to bosons  7v > ¢¢qq /vvqq vZ
& fermions 77 > 4¢, fvv bb
VW 2j > 24, 4),jj
Z/Wh (wh->bb) 7Zh=> £011T
| ZH - (H->bb) Zh—> £€bb
s, YL ZA/H >4€bb
YY
144
Q > 24, 4),j] L
= tt 7T
4y
tf;Q?‘* WH
S bb
Neutral Hi
to ditiggs " > bbYY hh > bbyy
hh = 4b hh - 4b
hh > WWyy hh—-> WW/ZZ +2b
hh = bbrt hh - bbtt

hh—> £fyy

~36 b1
15-20 fbrt
5fb-?
5-20.3fb"!

@13 TeV
@13 TeV

@13 TeV
@7-8 TeV

Legend
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> v 15-20fb1 @13 TeV

- tb 5fp-1 @13 TeV
s H:* > 7w

HE > oo HE - cs 5-20.3fb!  @7-8 TeV
- VBFH* > wz H*:>4¢/3¢v Legend

hZ - INV (¢€/bb )
hZ < INV +1/2y
hj > INV +j

H > Z (££)+MET

VBF h - INV
hV- INV (had)
H - y+MET
H—> INV (1 jet)
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Rare ATLAS CMS
decays/ LVF h(125) = &/py h -t
h(Z) - J/Qy or
y/(2S) or Y(nS)
h->tu/te/en
= 5
Higgs to ATLAS CMS
light res. aa > jjyy aa > UUTT
aa > bbuu aa - bbtt
@ aa - 4b aa >4t, uubb, uutt
| aa = UUTT aa >4

==

Lo

~36 fbrl
15-20 fbt
5fb-?
5-20.3fb-!

@13 TeV
@13 TeV

@13 TeV
@7-8 TeV

Legend

13



ATLAS CMS
Neutral Heavy |wv- ¢vqq, tvev || 2z > 42, ¢¢qq, £4vv
Higgs to bosons "7\ > £fqq /vvaq vZ
& fermions 77 > 4¢, fvv bb
VV-> 2] > 24, 4),jj
Z/Wh (w h->bb) 7Zh=> £011T
| ZH - (H->bb) Zh-> £€bb
= & H*->h >bb ZA/H >££bb
YY
Uy
s w—> 20,4),jj IT
tt
QQ} 4y
=k WH
bb
Neutral Hi
toe:i_'ﬁigg'fgs hh - bbyy hh = bbyy
hh = 4b hh - 4b
hh > WWyy hh—-> WW/ZZ +2b
hh = bbrt hh - bbtt

hh-> £Lyy

~36 b1
15-20 fbrt
5fb-?
5-20.3fb"!

@13 TeV
@13 TeV

@13 TeV
@7-8 TeV

Legend
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* [s unitarisation of WW scattering at high energy ensured ONLY by h ?
* Prominent decay is to W/Z in many BSM models

W WY




* [s unitarisation of WW scattering at high energy ensured ONLY by h ?
* Prominent decay is to W/Z in many BSM models

W W'
" MMM
q w
BSM >’T<
7 W
qq/ggF production Vector Boson Fusion (VBF)

e Search for H, Z’/W’, Gk




e Search in resolved and boosted categories




e Search in resolved and boosted categories

£ s, f v

resolved boosted




* Background: W+jets and tt taken from background-rich control region (CR)
 Signal regions (SR) and CR separated using jet mass, number of b-tagged jets, D,

£ s, f v

resolved boosted




* Background: W+jets and tt taken from background-rich control region (CR)
 Signal regions (SR) and CR separated using jet mass, number of b-tagged jets, D,

42 TeV

Vs =13 TeV, 36.1fb"
10°E WW Signal Region (HP)
ggF/qq Category

ents /0

[ Z+jets

Post-fit uncertainty —=
HVT Model A Z°
2000 GeV (x5)

Data/SM

£ s, f v

resolved boosted




* Background: W+jets and tt taken from background-rich control region (CR)
 Signal regions (SR) and CR separated using jet mass, number of b-tagged jets, D,

£ s, f v

resolved boosted




* Background: W+jets and tt taken from background-rich control region (CR)
 Signal regions (SR) and CR separated using jet mass, number of b-tagged jets, D,

1-prong jet identification (quark-gluon)

——— Soft
Collinear

£ s, f v

resolved boosted




* Background: W+jets and tt taken from background-rich control region (CR)
 Signal regions (SR) and CR separated using jet mass, number of b-tagged jets, D,

€3 = P ] ZpTl pT] kaRl] le Rjk

£ s, f v

resolved boosted




* Background: W+jets and tt taken from background-rich control region (CR)
 Signal regions (SR) and CR separated using jet mass, number of b-tagged jets, D,

1
=5 2. Pri Prj PreRij Rik Rjk

Collinear

— C-Soft 2-, 3-prong jet identification

(W/Z/H bosons)

£ s, f v

resolved boosted




* Background: W+jets and tt taken from background-rich control region (CR)
 Signal regions (SR) and CR separated using jet mass, number of b-tagged jets, D,

1
= i) 2. Pri Prj PreRij Rik Rjk

£ s, f v

resolved boosted




CERN-PH-EP-2015-204 . .
T T T T ackground-nch control region (CR)

— ATLAS Simulation . .
© ls_8 Tev e Weets (in W W2) g jet mass, number of b-tagged jets, D,

TTFE m™hi<q2 w3 Multijets (leading jet)
< 500 GeV "'GVGV&T=5O%

Normalised Entries

1
ey = PT]] szi prj Rij

" Trimmed (f,,=5%R,,=02)

€3 = ] Z Pri pT] kaRl] le Rjk

00.5115225335

£ s, f v

resolved boosted




* Final discriminating variable: transverse mass

CERN-EP-2017-223
T | T T T T | T T T T | T T T T | T T T T | T T T T

ATLAS
Vs =13 TeV, 36.1 fb”’

VBF Ivqq Category Expected 95% CL upper limit

Heavy scalar model
- Expected limit (+ 10)

Expected limit (+ 20)

——e—— Observed 95% CL upper limit
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ATLAS CMS
Neutral Heavy  wv- fvqq, #vev 77 > 4¢, £€qq, £Lvv
Higgs to bosons  7v > ¢¢qq /vvqq vZ
& fermions 77 > 4¢, fvv bb
V- 2j > 24,4, jj
Z/Wh (wh->bb) 7h=> P01t
| ZH = (H=>bb) Zh-> ££bb
e YZ ZA/H >££bb
/)
o
Q > 22,4, s
4y
QQ} WH
i bb
Neutral Hi
to ditiggs " > bbYY hh > bbyy
hh = 4b hh > 4b
hh > WWyy hh—-> WW/ZZ +2b
hh = bbrt hh - bbtt

hh—> £fyy

~36 b1
15-20 fbrt
5fb-?
5-20.3fb"!

@13 TeV
@13 TeV

@13 TeV
@7-8 TeV

Legend
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* |n MSSM heavy Higgs boson coupling to down-type fermions (7, b)
strongly enhanced for high tan 8

BR(A - bb) ~
BR(A - t1) |
BR(A - tt) |
BR(A = up) 5

+ ]
Mpmod ]

luon-gluon . . I _ ]

gluon-g associated b production L] tenp=10
fusion (ggF) 400 500 60
my [GeV]

e Search for hMSSM, mimod




* Background: jets/leptons faking T leptons
* SR and CR separated using number of b-tagged jets, transverse mass, D,

In real TT events




* Background: jets/leptons faking T leptons
* SR and CR separated using number of b-tagged jets, transverse mass, D,

Supresses W+jets and tt

D( — pgniss —0.85 pgisible

el 359 fo' (13 TeV)
L L B
- CMS ¢ Data ]
; Iz ]
' _ [z .
. Low-D, .MEd'"m'DC: I Electroweak 1

§ QcD ]

m ]

i [T Background uncertainty ]

920-8T0Z-d3-N¥1D

0.9 .
o b b e b b e b b b b
-80 -60 -40 -20 O 20 40 60 80 100 120 140

D, (GeV)
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* Final discriminating variable: transverse mass

my' = \/mT (pt, pit) +mi(pf, pPP™°) + mi(pg, pr™°) Mt = \/ 2 pr pr[1 —cos(Ag)].

3597 (13 Tev)

CMS 95% CL excluded:

[ 1Observed [ 68% expected
----Expected | 95% expected

p,‘th no b-tag tlght m; 35. 9 o' (13 Tev)

CMS —_— h H A—rr'r + Data
r mods O Zotr
m, =700 GeV [[] Jet—t,
tanp = 20 B Z—uu
M C 3 I Electroweak
[ tt
[ Background uncertainty

e
m"°** scenario

normalized 2
from CR
Data-driven —125
method 10

9¢0-8T0¢-d3-N¥3D

9¢0-810¢-d3-N¥3D

H‘..‘ ‘
ajeos Bo| | ajeoas Jeau))

X7 7 A7 77 7 P 77 T 7V 7 77 A7 707 77 P77

[0 missM 2 125 + 3 GeV |

e O,

10 20 30 100 200 1000 2000 500 1000 1500 2000
m?* (GeV) m, (GeV)




[ ] HIA—t
\s=13TeV, 361 b

arXiv:1709.07242 [hep-ex]
) H= v
As=13TeV, 14710
ATLAS-CONF-2016-088
) H— ZZ— 4lflivy
\s=13TeV, 361 b’
J ATLAS-COMF-2017-058
I gg— A= Zh
vs=13TeV,36.1 b’
ATLAS-COMF-2017-055
O H-th
vs=13TeV,13.21b"
ATLAS-COMNF-2016-089
/) H— WW— Iviv

ATLAS Preliminary ] is=13TeV.36.1 fb"

Q i = arXivi1710.01123 [hep-ex]
hMSSM, 95% CL limits @ s hhos 4b,

— Observed — bb yy/tr,

— WWryy
--- Expected Vs =8TeV.20.3 o
Phys. Rev. D92, 092004 (2015)
[ H— hh — bb vy
Vs =13TeV, 320"
ATLAS-CONF-20168-004
“Lioirt h couplings [k, Ky, ¥ ]
\s=7and 8 TeV, 251"
PR N T T S T T ST T T TN T TN T SN SO AN N U NN AN JHEP11{2015]205

]
200 300 400 500 600 700 800 900 1000
m, [GeV]

FAAARRRRRRRRRRR R RS

.'.’.!------------




ATLAS CMS
Neutral Heavy  \wWv- fvqq, £vfv 27 - 4¢, t4qq, £Evv
Higgs to bosons  7v > ¢¢qq /vvqq yZ
& fermions 77 > 4¢, fvv bb
V- 2 > 24,4, jj
Z/Wh (wh->bb) 7Zh=> £011T
| ZH - (H->bb) Zh—> £€bb
- YZ ZA/H ->€€bb
YY
144
Q > 24, 4),j] L
= tt 7T
dy
QQ?‘* WH
i bb
Neutral Hi
toe:i_'ﬁigg'fgs hh > bbyy hh > bb
hh = 4b hh - 4b
hh > WWyy hh—-> WW/ZZ +2b
hh > bbrt i = D577

hh—> £fyy

~36 b1
15-20 fbrt
5fb-?
5-20.3fb"!

@13 TeV
@13 TeV

@13 TeV
@7-8 TeV

Legend
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SM Di-Higgs production much lower than single Higgs production

-—-h

-=-h




Neutral Higgs to hh - bbyy Why this channel?
di-Higgs

SM Di-Higgs production much lower than single Higgs production

BT -—-h OO -h e _-h
h ""f x ..rf
t/b A t/b A -9, t/b A ==
b LY
000 ---h 090 “h Q00 “h
Di-Higgs production enhanced in BSM models BR bb WW

bb 33%
WW 25% 4.6%
TT 7.4% 2.5%

* Resonant production: 2HDM, radion, Gy
* Non resonant production: modified h coupling

* hh - bbyy: low background, good mass resolution __ %4 | 3-1% | 1.2%

YY 0.26% | 0.10%
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359 fb" (13 TeV)

—
o
[=2]

T T T T T T | 1 1 | 3
Grav. m, =300 GeV |l ttH(yy) + Data

Rad. m, = 600 GeV B VH(yy)
—— 99 — HH (x10%) W ggH(yy)
—— VBF HH (x10%)

* To separate different SRs for
better sensitivity use
Multivariate analysis (MVA)

Events/(0.04)

EVE-LTOC-d3I-NH3ID

Inputs: inputs are b-tagging
variables, helicity angles, p,, 1

/My Py /My

0.5 1
Classification MVA




* Background: y +jets described using Bernstein polynomials

* Signal obtained by fitting MC in m;; —m,,,, plane

O
1=
1@

359" (13 TeV) CMS

T I T T T T | T T T T
pp—HH—bbyy

Low-mass region

Medium-purity category

[N ‘\III I I\II|I\II|IHI_

T I T T T T | T T T T I T
Data

o{pp—X) x B(X—-HH—yybb) [fb]

Full background model Bulk radion

Nonresonant background

—— SM HH signal (x1000)

mll‘IIII‘\III‘\III|\III|I\II|I\II|IHI

pp‘—>X—>HH—1wbE (spinI-O)

|.;§|...& l\\||||||||||||||i||\\||||||||||T

35.9fb" (13 TeV)
L L B L
95% CL upper limits
—— Observed
---e--- Expected
[ Expected + 1 std. deviation
| Expected t 2 std. deviation _|

eve-L10¢-d3-NH3D

140 150 160 170 180 300 400 500

m,, [GeV]

Non resonant production < 24 x SM observed

600 700 800 900
Resonance Mass [GeV]




ATLAS CMS
Q Q H¥*>0¢ H* >2zw
| | HE > cs H* > cs
e N
VBF H* > Wz HEt>4¢/3¢v
ATLAS CMS
Higgs exotic H - yy+MET hZ > INV (£€/bb)
with MET H - bb+MET hZ > INV +1/2y
— hZ - INV (£¢) hj = INV +j
Q H->Z7,
| H - Z (££)+MET
=
VBF h > INV

4 " hV-> INV (had)
s & H > y+MET

=k H-> INV (1 jet)

~36 fbrl
15-20 fbt
5fb-?
5-20.3fb-!

@13 TeV
@13 TeV

@13 TeV
@7-8 TeV

Legend

39



Heavy H* 5w Why these channels?
Charged Higgs Hf >tb
+ . . . 9 00000) > b 9 H/Jr
« H¥isin doublet/triplet models /
! B //
* Formg+ > (<) mey , HEY [ —
produced with t (b) / \
, 00000 ——— ¢ ; h
° Hi to tv (tb) dom|nates below 4-flavour scheme 5-flavour scheme
(above) top threshold I
e ATLAS Run 1: HT - tb analysis
excess of (2.4 o) :
i % ‘IO'E— .
* Test hMSSM and my, 04 ; BR(H® - c5) ]
tang =50 |

1 1 1 Il Il 1 Il 1 | 1 1 1 1 | 1 I | Il | 1 1 1 1
100 200 300 400 500 60
M, [GeV] 40



» Background: jets/leptons misidentified as T estimated using Fake Factors

Tight BDT require i

ment

To identify T
* Find jet, match 1 or 3 tracks to it

* Boosted Decision Tree (BDT) - separate T from jets that resemble T using
info on hadronic activity

* Likely-hood based veto separates T from e




» Background: jets/leptons misidentified as T estimated using Fake Factors

SR—real 7y <; F = probability of jet faking T
Tight BDT require

ment

Region with jets
that resemble
(anti-ty)

Loose BDT requirement




» Background: jets/leptons misidentified as T estimated using Fake Factors

SR —real 7,

.
-
-

=

(anti-ty)

Region with jets
that resemble <;

qulti—j +
Fy+j

qultl -j =

Multi-jet region (g- initiated)

pas

N¢qit <;

W+jets region (g-initiated)

Fy 4 j




» Background: jets/leptons misidentified as T estimated using Fake Factors

SR —real 7,

Region with jets
that resemble
(anti-ty)

Amuiti—jfmutti-j + Awsj fw+)

F = amuiti—j Fnuti-j +
aw+j  Fwyj

Multi-jet region (g-initiated) W-+jets region (g-initiated)

N
__"g - :
fmulti—j — Ng+N,’ template fit fw+]

in BDT(3p), tau width (1p)
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A TL A S —@— 1-track T (Multi-Jet CR)
i r= 13 TeV, 361 fb-1 == 1-track T (W+jets CR)

F = amyuiti—j Fnuiti-j +
aw+j  Fwyj

—l— 3-track 1 (Multi-Jet CR)

—h

- ¥« 3-track 1 (W+jets CR)

2]
1S
i)
[&]
[
L
&)
X
[
L

—
Q
[ |

{

i
Ll

\‘\\\\|\\\I‘\\\I‘\\II‘\\I\‘\\I\‘\I\\ .etsregion(q-initiated)
50 100 150 200 250 300 350 400

P [GeV]

CERN-EP-2018-148

g7 Nq
in BDT(3p), tau width (1p)
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Heavy Hf >w @
Charged Higgs H* ->tb ]

EXPERIMENT

e BDT is discriminating variable
* |nputs: transverse mass, missing transverse energy, momentum of
objects, separation between objects

CERN-EP-2018-148

1 0? CERN-EP-2018-148 ?CU- 40
1_. | L ‘ L ‘ LI | T 1T ‘ T 1T ‘ T TT | [ —— Il
° 9 ATLAS e Data [CIMisiDj - © 30§ I
2 8- {5=13TeV,36.1fb" ---H160Gev [EMisID ey -« 20 ATLAS Preliminary -
o ’o tresignal region o H'180 GeV ] WiZsjets
[ g [t & single-top [l Diboson 10k 95% CL, exclusions -
7zt H'— vt D]m] Observed, v
3; | mgwd- o
—- | /s < 13 TeV xpected, tv
?; o 3| ap1 b Y Observed, to
0: errmr———_——— 2l e~ ----- Expected, th
% 14 T 1T T
1.2¢ 1h =
E 1—= - * * - - - & +++| 0.6 !
g T : 6l
D 8.2 L1 | | ‘ L1l |\ L1 ‘ .| ‘ Ll | L1111 ‘ Ll ‘ L1l | | _I+- 200 400 600 800 1000 1200 1400
0 01 02 03 04 05 06 07 08 09 1 m,. [GeV]
BDT score, 160 to 180 GeV H

H* > tb analysis excess went away
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ATLAS CMS
Charged Higgs HE >t HE > v
Q Q H¥*>0¢ H* >2zw
| | H* > cs H* > cs
= ke e
VBF H* > Wz HEt>4¢/3¢v
ATLAS CMS
Higgs exotic H - yy+MET hZ > INV (£€/bb)
with MET H - bb+MET hZ - INV +1/2y
— 0z ANV (2 hj = INV 4]
Q
| H - Z (£€)+MET
-
VBF h & INV
p i hV-> INV (had)
s _ & H - y+MET
= < H-> INV (1 jet)

~36 fbrl
15-20 fbt
5fb-?
5-20.3fb-!

@13 TeV
@13 TeV

@13 TeV
@7-8 TeV

Legend
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* Look for 2HDM H-> aa process

* Dark sector in SM extensions provides DM candidate, explains positron
excesses

» 47 final states have low background. Optimize for different mass regions

o
~

T I T T T T I T T T T I T T T T | T T T T ]
ATLAS Preliminary —
| de 2e2u 4p 13 TeV, 36.1 o™ J

! Expected H s XX —s 4] 1
t—— —— —— Observed

o
o w
w b33

TTT [T T T T[T TTT]

ik ey

—

95% CL upper limit on o [fb]

e

&

T

IIII|II“I|IIII|(III|IIII|III

-
o




~36 fb! @13 TeV

Rare ATLAS CMS
decays/ LVF h(125) = &/py h = 15-20 fb? @13 TeV
h(z) > J/yy or 5fb-1 @13 TeV
2S) or Y(nS
b/(25) ) 5-20.3fb1 @7-8 TeV
| h->tu/te/en
- Legend
Higgs to ATLAS CMS

ightres. a0 jyy
aa%bb,u,u aa - bb1T
@ aa - 4b aa >4t, uubb, uutt
| aa = UUTT aa >4

=
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Higgs to light res aa »> uurtt

CMS

lenoid

* Main background: Jets misidentified as T estimated from CR
 Signal and background parameterized by different functions (Voigt/

Gaussian, Bernstein polynomials)

* Fit to in dimuon mass (excellent resolution!)

35.9fb" (1 3 TeV)

(7] SR I LS L L UL B UL L L 3
c 458 CMS ’ Obs (SS relaxed |so) 3
) 40E- — Fit 3
= E Fit uncertainty E
LW 35E puy + pe, =
0f
25E —— 3
20E 1 =
156 <
10F- ] =
5E =

0 AT PR FEEEE PR FRE Lo lasay Lo ol Lasy

15 20 25 30 35 40 45 50 55 60

m,, (GeV)

6C0-LT-DIH-SIND

Events / 5 GeV

35. 9 fo' (13 TeV

T T G T Bt el ] 2
B CMS Ighal modae J. mode ] 3
14 - Bkg. uncertainty | |ZZ— 4l 41 T
12: |:|Misidentifiedr ¢ Observed J §
- + e - !
:W H B(h— aa— 2u27) = 0.01% 1 3
10— —m 2/ 2 - ¢
. B(a— 2u)/B(a— 21) = m, m, : 8
_ 1 o
8 ]
sf- =
b N -
o I A Lttt BoF ]
- e ey T s e il e =
05 20 25 30 35 40 45 50 55 60
m,, (GeV)
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Conclusions

* Many ATLAS & CMS searches for beyond
Standard Model physics were explored

* No discoveries yet of BSM Higgs sector

* Significant excesses not found, but many
stringent limits set in several models
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