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* Higgs boson discovered at my = 124.98 + 0.28 GeV 60F 11 as om
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* Yukawa couplings - Higgs couples to
m (GeV) 4
particles with strength proportional to its mass — ¢
« However, decays to SM suppressed either ” H
due to small msm, phase-space or loop decays 80-90 W/Z
4-5 b
1-2 tau, c
The largest partial width is to bb
» But due to small my the
coupling is only yp~10-2
1. Small M 2. Phase-space (3. Loop

58% 6% 3%  21% other ()
3% 9%
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» SM Higgs has a narrow width (~4.1 MeV)
» Even coupling as small as 10 can yield Br(H—BSM) ~ 10%

_ Br(H—+BSM) ~ O(10)
SM _ = 102 q
rH,TotaI 4 MeV q 6 = exotic Higgs decays

= Current constraint from fits to Higgs parameters is BSM.--
about Br(H—-BSM) < 26% (ATLAS-CONF-2018-031) H‘
G ..
= Still a lot of space for new physics in Higgs decays! BSM ™.
1. Small M 2. Phase-space (3. Loop
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Why are exotic Higgs decays

interesting?




Hidden sectors

* New physics could couple to the SM only through Yukawa couplings

= E.g. hidden sectors: Higgs could provide a unique access to particles

that are singlets under SM interactions

Standard Model: mediator Hidden valleys:
SU(3)xSU(2)xU(1) no SM charges
S DM?
1.
singlet mixes with H and inherits Yukawa-like
couplings => can decay to the SM particles 0.1
SM 2 001
S < ;*I; | |
= 0.001- ,E
AL = —SZIH‘Z —h——o M = £=0.001
2 < < SM 10-4 1312.4992
SM 0 10 20 30 40 50 60
mg (GeV)
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https://arxiv.org/abs/1312.4992
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Dark matter

* The Fermi-LAT telescope observed excess of gamma-rays at the energy of 1-3

GeV coming from the centre of the galaxy
= Could be a result of DM annihilations through a (pseudo)scalar mediator

T ' T T ' T Tt
TA < 3° mp,=R8 GeV, XX->bb, y=1.1
) 2 ov=9x10"%® cm?®/s
: 0910.2998
_6 L=
% 10 :
> ; N i :I
\8/ 5 L
™~
E
N n
~
<
e~ 1077 b
=2
M . M B | . M B |
05 1.0 5.0 10.0 50.0100.0

E, (GeV)

mpm ~ 20-50 GeV background modelling
preferred
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 Typical searches for DM at the LHC:
» Produce the mediator which then decays to DM particles => invisible in the detector
» Need an ISR object “X” which to trigger on and be able to “see” the event (j,y)
= Mono-X signatures typically cover Mmes>2Mpwm case

LHC 8 Tev 1401.6458
10.0F - \/
L LHCG 14 Tev ] Covered by mono-jet

...... (or multi-jet)
searches at the LHC

=
(@)
(@)}
q DM
g gom
q DM

m, [GeV]
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https://arxiv.org/pdf/1401.6458.pdf
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 Typical searches for DM at the LHC:
» Produce the mediator which then decays to DM particles => invisible in the detector
» Need and ISR object “X” which to trigger on and be able to “see” the event (j,y)
= Mono-X signatures typically cover Mmes>2Mpwm case

v H—aa search is sensitive to mediators lighter than DM particles

e @ 1401.6458
10.0F E \/ _
b Ao e et ] Covered by mono-jet

............
5
N
N

(or multi-jet)
H—aa can access searches at the LHC
Mmed<2Mbm =
>
q DM
H a..
.......... s ---a--- 9om
¢ s
a .
q DM

m, [GeV]
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What kind of theories contain

this new light (pseudo)scalar?
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Extended Higgs sectors

2HDM = 2 Higgs Doublets Model
- add another SU(2) Higgs doublet to the SM

neutral CP odd
» 5 physical states: ﬂ ﬁ?
(CP conserving case)

charged

neutral CP even

- simplified theoretical model with phenomenology common to a large class of
well-motivated BSM theories
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Extended Higgs sectors

2HDM = 2 Higgs Doublets Model
- add another SU(2) Higgs doublet to the SM

neutral CP odd
» 5 physical states: @ @
(CP conserving case)

neutral CP even charged

- simplified theoretical model with phenomenology common to a large class of
well-motivated BSM theories

2HDM + singlet |Q neutral CP even
) itional physical states: |
additional physical states neutral CP odd g E

= Possibly light (m < mn)
= Used for the interpretation of exotic Higgs decays searches
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§ 2HDM+S

A particular 2HDM+S model means a particular choice of parameters resulting in
particular set of a—SM branching fractions
» Type |l realised in e.g. NMSSM

| [
l | Type II"tan B = 5| l
10  S— ratio of vacuum expectation
specifies how ; ! vacuum €x !
fleormions couple to H values of the 2 H-doublets
fields (to avoid FCNC)
1071 — bb
. — CC
(% “““ T
IS 102 o HH
% """" gg
2tau mass vy
threshold 1073 i - uu +dd +ss
T I 2b mass threshold
10—4 . K el Lolol
1 2 4 6 810 20 40 60
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* Looking for 125 GeV Higgs decaying to new (pseudo)scalars “a”

= bbuu final state

v bb side gives high Br(a—bb)
v up side provides clean signhature + triggering

» Search in 20<M,,;<60 GeV range

Clean
Triggerable

* Will mention also searches in other channels: 4b, 4, 2j2y

L. Morvaj

Exotic Higgs decays
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How do we look for this signal

in ATLAS?
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« LHC is colliding protons at the centre-of-mass energy of 13 TeV
« The analysis is based on 36 fb-! of data collected in 2015+2016 by the ATLAS

detector

L. Morvaj Exotic Higgs decays 16
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> Si pixels & strips + transition radiation tracker
detect > Reco. charged particles’ tracks & vertices 0, /pr =0.05% - pr © 1%
etector : : :
> Momentum measurement by curvature in a solenoid magnetic field (2T)

Inner

proton beam

Calorimeters o5/ E = 5U0%/VE ©3% Muon chambers Opr /P = 10% at pr = 1 TeV

> Energy measurement by creation
and total absorption of showers

» Electrons, photons (liquid Argon);
jets (tiles of scintillating plastic)

> Wire chambers for precision tracking
» Toroid magnets (4T) bend muons in n plane

» Reco. y by combining tracks measured in
Inner detector & muon chambers

L. Morvaj Exotic Higgs decays 17
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« Soft (low pT) objects in the final state
m,=20 GeV

\ b pr~125GeV/4 ~0O(30) GeV
\
b

0 10 20 30 40 50 60
subleading b/p p; [GeV]

T\u\ o1 ~ 125 GeV/4 ~ O(30) GeV @ truth level

\'
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§ b/u selection

- pr(u)>{27,7} GeV
>~ Higher pT requirement on the leading muon due to trigger m,=20 GeV
thresholds

- pr(u) > 7 GeV

\ b pr~125GeV/4 ~0(30) GeV .
b \, f

9
d.U.

V..
0 10 20 30 40 50 60
subleading b/p p; [GeV]

T\u o1 ~ 125 GeV/4 ~ O(30) GeV @ truth level

\'
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§ b/u selection

* pr(u)>{27,7} GeV

m, =20 GeV
* pr(b-jets)>{20,20} GeV
s |
A o |
~ 125 GeV/4 ~ V u :
b opr 5 Ge O(30) Ge : pr(b-jet)
b \ ; > 20 GeV
N |
A Ppr~125GeV/2 ~O(60) GeV :
Q (¢t i
125 GeV \“ a "....1...Y...|....|....
. 0 10 20 30 40 50 60
‘\‘ subleading b/p p; [GeV]
T\u\ o1 ~ 125 GeV/4 ~ O(30) GeV @ truth level
U
\"
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¥ Backgrounds

00 ———— oe<— @0 top-quark pair production

Drell-Yan + jets production
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Signal vs background RO

Two resonances of the same mass:
Mup ~ Mbb

L. Morvaj Exotic Higgs decays 22
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Kinematic constraints

* myu resolution factor ~10 better than mpy resolution

= Constrain mp, with well measured my, in a kinematic-likelihood (KL) fit

> - | T T T | T T T T T T | T T T | T T T | T T T | -
& 1200 ATLAS DY +jets  —m,=20 GeV —]
P - Vs=13TeV, 36.1fb" [Jtt —m,=30 GeV
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|J>J B — m,=50 GeV T
800— — m,=60 GeV —

600~

4001~

200 |
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improve

il | | | N
improve 3000F 4 LAS [IDY +jets —m,=20 GeV 1
p Smear b-jets Vs=13 TeV, 36.1 o™ [Ji —m,=30 GeV

— m,=40 GeV -

a 41) 4-momenta

2ooof—

H Constrain bb -
1500

" system with uu :
1000H

,u

Events /0.5 GeV
)
133
o
o

L - L PRI (TR T TR NN SR SR T N
20 40 60 80 100 120 140
m,, [GeV]

narrow
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Kinematic constraints

* myu resolution factor ~10 better than mpy resolution

= Constrain mp, with well measured my, in a kinematic-likelihood (KL) fit

A A k
L=W(Ep, ,Ep) W(Ep, Ep,) -
Ebi B ) Wlkes b)) - o 1312 5595

Soas T JALRRERRRR AR
) . i 2 | —— Double Gauss i
Breit-Wigner constraint = yol - SingleGauss  f B

. . 0.15— —

resolution constraints on
b-jets (transfer functions) o1 N
0.05/- 7

improve

T - S S| R R R
improvem _ (E™* - E)/\E [\GeV]
Smear b-jets

b
‘ a 41) 4-momenta
g Ha. Constrain bb
T " system with uu

AL
PN
|

u

narrow
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Kinematic constraints

* myu resolution factor ~10 better than mpy resolution

= Constrain mp, with well measured my, in a kinematic-likelihood (KL) fit

> L N L I RN BN
k & 1200 ATLAS DY +jets  — m,=20 GeV ]
— . ” > L Vs=13TeV, 36.1fb" [t — m,=30 GeV
L= W(Ebl, Ebl) ) W(Ebza Ebz) ) 2 2 \2 7 Fz S 10001 — m,=40 GeV —
(mbb B m,u,u) T m,u,u i - —m,=50 GeV
800— — m,=60 GeV —]
M " " . . . KL 600:_
» Maximize the likelihood to find the best-fit value: m, -
400~
200} |
R R R TR T
: m,, [GeV]
improve > T T
& ATLAS DY +jets  —m,=20 GeV |
improve , ~ 2500 Vs=13 TeV, 36.1 fb™ i — m,=30 GeV —
P A\ Smear b-jets £ ° - 40 Gey
() a .
a 41, 4-momenta D 2000 .

H Constrain bb 1500
" system with uu
1000

500

J PSSR YU (v ST T
0 L

20 40 60 80 100 120 140
narrow L [GeV]
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Kinematic constraints

* myu resolution factor ~10 better than mpy resolution

= Constrain mp, with well measured my, in a kinematic-likelihood (KL) fit

> Fr1r T R R s
& - ATLAS DY +jets  —m,=20 GeV 7
A A k (Lg 3500F Vs=13 TeV, 36.1 fb' [t — m,=30 GeV -
L — W(Ebp Ebl) ) W(Ebza Ebz) ) 9) 2 \2 2 7 E’ 30003— —m—4OGeV—
(my, —mg, )"+ mg, [ 5 - — m=50Gev
1w 2500 — m,=60 GeV 1
2000 i_ (B=10%) _i
» Maximize the likelihood to find the best-fit value: mKL 1%
1000 —
v My resolution improved by factor ~2 S0 :
0400 150 200 250 300 350 400
Mybyn [GeV]
improve > T
) A 3500 — m,=20 GeV _]
mpr o) M 3
mp ovem Smear b-jets 3 3000 —2 ;ig gzz £
a 4], 4-momenta 5 — m,=50 GeV -
2 2500 =

H Constrain bb 2000
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,u

S S YN U (SN S S T S N ST N S

100 150 200 250 300 350 400
mggw [GeV]
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Kinematic constraints

* myu resolution factor ~10 better than mpy resolution

= Constrain mp, with well measured my, in a kinematic-likelihood (KL) fit

k
2 \2 2 12
my,, )~ +mg, I’

L = W(Ep,, Ep,) - W(Ep,, Ep,) - —

(my,, —

» Maximize the likelihood to find the best-fit value: ;-

v Mppyyu resolution improved by factor ~2

x10°
0 SRR L N I L I
- g e - ATLAS DY +jets —m,=20 GeV
v’ max value of In(L) quantifies how well 5 0] (513 TeV, 361 6" [T a0 Gev
an event fits the mpo~my, constraint 2 —ma=40 GeV ]
8 — m,=50 GeV —
— m,=60 GeV -~

(B=10%)
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* Apply a set of cuts to select signal and reject backgrounds = signal region

1500

1000

500

i 18 < mpp< 64 GeV

* In(L) > -8

> _| T T T | T T T T T T | T T T | T T T | T T T | T ]
o 3000:_ ATLAS DY +jets —m,=20 GeV A
0 - Vs=13TeV, 36.1 b [ ]t — m,=30 GeV ]
2 2500 — m,=40 GeV -
" ]
T — m,=50 GeV _
L% 2000 e — m,=60 GeV ]

(B=10%)

20 40 60 80

L. Morvaj

Ll
100

! PRI N
120 140

m,, [GeV]

Exotic Higgs decays

Events /0.5

BRA"SK

UNIVERSITY
i<1I03I T T | T T T T | T T | T T T T | T T -
- ATLAS DY +jets —m,=20GeV _
10~ Vs=13TeV, 36.1 b [t — m,=30 GeV
i — m,=40 GeV 7]
8 — m,=50 GeV —
B — m,=60 GeV -~
6 (B=10%)
o :
o -
Qb i

-25 -20 -15 -10 -5

In(L™*)
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Signal selection

* Apply a set of cuts to select signal and reject backgrounds = signal region

18 < myu < 64 GeV

In(L) > -8 _
= |_ ook for a resonant-like excess above the

[Mobpy - 125 GeV| < 15 GeV background prediction in my, spectrum
MET<60 GeV

>600——7 T T T T _ > L A A AL L L L DL DL BN
e E ATLAS . Data - 600 ATLAS . Daa 3
%O ys=13Tev, 36.1 fb 7777 SMotal S500F- Vs=13Tev, 36.1 fb 7777 SMtotal -
~ r _ max  DY+jets 3 ~ DY + jet -
%400:— preselection+in(L™*)>-8 i = £ ,00F- Preselection+in(L™*)>-8 -ﬁ HEs S
- - o L -
L1300 I Other = . E I Other E
m —— m,=40 GeV S00F — m,=40 GeV
200 = (B=0.5%) 200— (B=0.5%) =
1001 = 100 =
O_ 0 ' -
=1.4 Bl Tl L L T L L T T T L L St14 ] ] I I T IR0 TR LA =
P2k i ------------------------------------------------------------------------------------------------------------------------------- 0 I N W727792 97/,
Syl TN GAN G GARG IR, Pl R e i
0.6 Frprpryyy e 1t ST e 7 &
100 200 (GeV] 0 20 40 60 80 100 120 140 160 180 200
bbuy ET'® [GeV]
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Analysis regions

ATLAS e Data

. . 0600?- —f

* 1 Slgnal reglon (SR) ,_5005_ Vs=13TeV, 36.1 fb’ %44 SMiotal -
. ] %’ 4005— preselection+In(L™*)>-8 -t[i)YJrjetS _g

- 2 control regions (CR) to constrain the o EEore
: - . - —— m,=40 GeV 3
normalisations of the dominant backgrounds 200F- B=05%)

- 2 validation regions (VR) to validate the
background modelling before looking at the SR

d 20 40 60 80 100 120 140 160 180 200

EmISS [GeV]

>250 — T I T T T T T = .
8 - ATLAS Data ] E_rlplss [GeV]
o200 Vs=13TeV, 36.1 fb’ 7277 SMtotal - ] A
P - - : U DY +jets o
2 r : : - . In(L)
$150 _DYCR SR _: D_YCR : VR1 tt - N TCR
o ‘ ; I Other -

100 _— ma=40 GeV_:

(B=0.15%) 60

DYCR| SR |DYCR| VR1

™)

0

=14 Bl ot T T e T T T

(31.2 =9 ; --------------------------------------------- = -8 >

5 NG //{/)/&/4//4//4// i 80 110 140 170 300

N el A MMM M MU e et :

0.6 Fgys e D e g e = GeV
100 150 200 250KL 300 VR2 b’w [ ]

Mg, [GEV] 1
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Background estimation RO

- ttbar: Model shapes of kinematic distributions with MC

- DY+jets: Model shapes of kinematic distributions with the template extracted from the data
> Normalize tt MC & DY template simultaneously in a fit to the data over CRs

- Minor backgrounds (dibosons, single-top, ttV & W+jets) contribute ~1% in the SR
> Estimate using MC only

> 250" T_ T S EMs° [GeV
2 [ ATLAS . Daa ] ! E ]
200 Vs=13TeV, 36.1 fb’ 72755 SMtotal - _J (L)
=~ — . . . DY +jets -
£ o — i 4 TCR
S1s0EDYCR! SR IDYCR i} VR f -
i r ; ; B Other -
— m,=40 GeV 7 60

100
(B=0.15%)

DYCR| SR |DYCR | VR1

_ k_g

0
S 1.4 T T T T L T T -8 >
(31-2 995 )P ? """"""""""""""""""""""" 80 110 140 170 300
o VBV /TV /*’/A///y////ﬁ// //{/)/&/{/?f/?/ / Iy
4—'0 : .......................................................................................................................................
cDﬂo.gf ----------------------- T e | + --------- = VR2 bb,u,u[ e ]
1 00 1 50 200 25OKL 300
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DY templates RO

 For each analysis region define the DY template region (DYTR) by requiring 0 b-

tagged jets in an event (instead of 2 b-tagged jets)
- All other selection criteria remain the same
- DYTR defined in such way are >90% pure in DY +jets events

» Use 2 leading non b-tagged jets in construction of mpp & Mpbyy

>250F—~" T T N N b-tags 4 normalisation
s F ATLAS Data . /7 N ¢ \
200 Vs=13TeV, 36.1 fb’ 72755 SMtotal - _J 3
~ : : : | DY +jets -~
(2} - —
S.50CDYCRi SR (DYCRi| VRi tt i DY SR DY
27 L . CR (04 34
o F i ; B Other -
100 — m,=40 GeV] o
- : (B=0.15%) J o 2 : P Mobuu, KL
) . 8 80 110 Mn140 170 300 0
50 CH ] "
C . 1
—— — DY
S 1.4 T e e e e e e
DPi2E e ; --------------------------------------------- i TR
5 VA //{/)/&/4//4//¢/ /
ook IZZIZIIIZIjﬁiIZZIZZIZIIZIZIIZIZ..ZZIZIIZIZIIZZ.ZZIZZIIIQIZZZII_IZIZ_ZIZZIZZIZIIIZI)II_IIZZ{EQI' S 0 >Mijuu, kL

100 150 200 250KL 300
MY [GeV]
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Post-fit distributions BROSK

- Good agreement between the data and the background expectation, both in

shape and normalisation in all CRs & VRs
* NO excess observed in the SR

>250— " T T T T T T ok o) = I A S I IR R R I e

e L ATLAS Data ] o ATLAS + . Data  :

200~ Vs=13TeV, 36.1 fb 4554 SMtotal ] gmg Vs=13TeV, 36.1 fbo 7% SMtotal 3

~ B : B () — ! i ]

s F : : : ] I?Y+jets - i E - 5 - ] t[t_)YHetS E

C150.DYCR: SR iDYCR + VR1 tt i 50 | 5 | =

T ' ( / - B Other E 40 E- B Other 3

u — mz= - - — m,=40 GeV 3

100 = ma_40 GeV 30 £ my 3

- (B=0.15%) ] - (B=0.1%) 3

n _ 20 = —

50— = - E

- ] 10 E9 ; =

e —

——— —— —— — — T T T T T T T T T T T T E o L L L T UL L | UNLUULUUS IR U LIS b PSSV ST IN IO

e i P j 7
mo ; 477, / 5y 17 /TV /3’/&’/&’////*// //{/)/;é’/«/{/?/ + / © 1 //;///i///*/ /$/////6//@/&/////q//i//i// % //// /%

©0- S (L S S S ] / :

0.6 [y [ T T — - L L |||||/|‘

1 1 1 O ||||||||||||||||
E OO E 50 200 250 300 -11 —1 o 9 8 -7 -6 -5 4 -3 -2 -1
mes... [GeV] In(L™)
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Post-fit distributions BROSK

- Good agreement between the data and the background expectation, both in

shape and normalisation in all CRs & VRs
* NO excess observed in the SR

>S40 T T 1T T T T T = S40F T T T T T T T T T T T

o 35 - ATLAS « Data = S a5 - ATLAS . gata =

= . 5444 SM total = ~ P E p 5444 SM total =

S E Vs=13Tev, 361 fb” S DY +jets S0b Vs=13TeV, 36.1 fb S DY +jets S

£ E oA t - 27FE sR f -

25 B Other — 025 - I Other —

T ARV —— m,=60 GeV 3 w__F — m,=60 GeV 3

20 = §Y 7 , — m,=50 GeV 20F — m,=50 GeV

15 - . — m,=40 GeV - 15 = — m,=40 GeV 3

— o . —— m,=30 GeV 3 = —— m,=30 GeV S

10 ) —— m,=20 GeV 10 = — rréa=20 fev —

5E I (B=0.04%) _i 5F (B=0.04%) =

0 ‘J_. i N 0 = L n

s o SO A LA S LI S 2 G g b e L L P —

3L T |3 +§ .................................................. _
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MM [GeV] mbb [GeV]
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L Iimits EROSK

1807.00539

observed 95% CL upper limit

- ATLAS

B 5=13 TeV, 36.1 b — — expected 95% CL upper limit

- expected limit (+ 10)

expected limit (+ 20)

Hy B(H— aa — bbuu)
S

o
Ogm
S
&

2

o
N
(6)]
w
o
w
(6))
N
o
N
(6))
(@)
o
6))
(@)
(@))
o

m, [GeV]
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What does this mean?”? BROSK

- Assuming SM H production cross section, limits are Br(H—aa—bbuu)< 0.03%

* Plug in an allowed value for H—aa: Br(H—aa)=20%
> Br(aa—bbuu)< 0.15%
> Under the above assumptions, the most optimistic 2HDM+S model predicting
Br(aa—bbuu)=0.16% is excluded at 95% CL

= The analysis is probing interesting parameter space

_gt N ATLAS — Observed 95% CL upper limit arXiV:1 41 24779
-Q — T T T T T T T T T T
:L 102 {s=13 TeV, 36.1 fb™ — — expected 95% CL upper limit 1 — | | | T+T_ E
(’F E - expected limit (+ 10)
% B expected limit (= 20) . 107! - .
OIxo% ; C% g cC I :
#
S g0 Cemememt
" E l 10_2 = ‘g,g.— .... —
7 ol SS |
O. OOO 3 a8 X -—m 10002
1073 - i
o tan =2, HH .
; i type—IIl 2HDM+S Br(aa—’bbl.ll.l)=0.1 6% |
L 10—4 oo ey ey by by L
20 25 T30 3 40 45 50 55 60 10 20 30 40 50 60
m, [GeV] m, [GeV]
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...In terms of y-ray excess”

0.1
mixing angle
between the
singlet & H-
doublet state

| 0.01°

a = cos0,5r +sind, A

1073
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2HDM+S 1404.3716
8 TeV monojet

<.

my(GeV)

Exotic Higgs decays

Green region
consistent
Fermi-LAT data
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..Interms of y-ray excess”? [k

2HDM+S 1404.3716

limits from 1
Vh(—bb) CMS

search // H properties assuming
~cm’” SM H production

-

8 TeV monojet

<.

indirect limit from fits to

=
———_—_

0.1

0.01°

my=800 GeV ’

30 100

my(GeV)
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2HDM+S Type Il 1404. 3716

limits from 1 T T T T A S T monojet - — —
Vh(—=bb) CMS S ! indirect limit from fits to
search —| H properties assuming
SM H production
0.1

0 : could be probed by I|m|t|ng
s Br(h — aa — 2b2p) < 107*
0.01+ : :

1073 =,

my(GeV)

- Assuming SM H production cross section, observed limits are Br(H—aa—bbpuu)<(1-8)*10-4
= The analysis is probing the interesting parameter space!
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Other channels EROSK

* For ma>2my Br(a—bb) dominates

* Below 2b threshold, 4y analysis becomes sensitive

Type ll,tan =5

100; I ' .__I____I.“i L I”'””|“"|'E
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=
L
AV
o ’"";‘L“"
»
—h
N
N
©
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O
>
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\
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-—-=-< (% ----- T —-=-=x b
N ” Iy N
® 10_2_ 4 T IJIJ
o P Nl e ] e 99
o [ e T ] b
! B
1073 i - uu+dd +ss

\
B S
N Sl
S, | tetmcmiwm
i Q'---__':.:au—f----._._:
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« Challenges:

» 4 soft b-jets - what to trigger on?

» High multi-jet & tt+heavy-flavour backgrounds

» Jet merging at low ma => loose the signal acceptance

L. Morvaj
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1806.07355

when ma<<mg:
jets from a-decays become collimated

ma~20 GeV, pt~40 GeV => AR~0.1

Exotic Higgs decays
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* Look for W/Z associated production < b
b
» Trigger on leptons from W/Z decays < b
» Suppresses multijet backgrounds b
» However, cross-section only ~2 pb t
. Y
- ~0.36 pb assuming V—lep
g H production cross-sections
I|IIII|IIII|IIII|IIII|IIII|IIII|IIII IIII|IIII|I§
70 S S— . =10°F M(H)= 125 GeV =¢
o N EW) ::
— cD £ NLO 18
T 10 =
CTD_ E qat (NNLO. qcp +NOEW 1 —-
= = ooco+NOEW L
R e
i e " ]
107"E —
i - i
10_2; I I I I I I I I_§
6 7 8 9 10 11 12 13 14 15
w/z \/g [TeV]
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* Look for W/Z associated production
» Trigger on leptons from W/Z decays
» Suppresses multijet backgrounds

» However, cross-section only ~2 pb
- ~0.36 pb assuming V—lep
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« Compare to bbup:
» ggF cross section ~48 pb => ~100 higher production rate

» Br(a—pu) smaller than Br(a—bb) => ~103-10% lower decay rate

» clean signature from a—puu => lower backgrounds

L. Morvaj Exotic Higgs decays
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g Heaawn o

A multivariate discriminant (BDT) is built to discriminate the signal from the
backgrounds
» Takes as input various kinematic variables that behave differently for the signal and
backgrounds
» Calculates a BDT “score” which quantifies how signal-like or background-like an event is

.‘g 106§|||||||||||||||||||||||||||||||||||§
0 - ATLAS ¢ Data .
" oL 15 =13TeV, 36.1 1o B wH N
? 1 lepton, 4 jets, 4 b-tags [t + light ?
- H—aa—>4b,m =60GeV [[Att+cc ]
10% I € + bb E
- [ Other ]
10°E E
10? =
10
) IE
© 125 F o
%U 1B %%«W ////
® 075
a
05 Fr i

-1 -08 -06 -04 -02 O 02 04 06 0.8 1
BDT (4], 4b, m_= 50 GeV)
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Geu(PP—VH)

Vimy B
6 ATLAS {s =13 TeV, 36.1 fb™ E
) ;— Combined —— Observed 95% CL _;
. N 1255 Expected 95% CL = 1o -

L e Expected 95% CL = 20 -

Q'
Z
o
1
©
T
L
m
X
=
)
c
@)
%)
=
=
pu
o
Q
>
—
@)
3
To)
o

jet merging
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« Search for excess in 2D my, spectrum M

; 25 I_I | I I I | I I I | I I I | I I I | I I I | I I I | I I I | I I I | I I I_l
8 | ¥V 4u low mass channel [0 evis] ATLAS - M
= - X Outside 120 <m,, < 130 window [16 evts] ~ 13 TeV, 36.1 10" —
Em _ Signal region H— XX — 4|

20—~~~ Quarkonia veto 1802.03388

> T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T
15— [3) 4 Data 2 Total Background ATLAS_]
- ~ — [ Heavy Flavour [J VVV/VE:S 13 TeV, 36.1 fb™
B 30012_—-22_”” mmH— 27" — 4l H o XX — 41
L @ ]
g :
R - TP S ool B
L - _
1 O [~ - 7]
— / 0.008 < —
- o NN .
S \\ %\% \ N
- 7 oo QAN
- SIIIIIIID y \ \ %
SIS IIIS
51— 7 /7 X — oo
— // TN NN S—
/// T ST
- //,/,/,/,/////,///////////////////////A 0.002
I it S _
o PP P 2SS
=49 1 /////f//éx/. [ 1 K R B N L, > 4 6 8 10 12 14 16 18
2 4 6 8 10 = 12 14 16 18 0 (m) [GeV]

m,, [GeV]
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« Search for excess in 2D my, spectrum M

 Sets limits only in the low mass range h a - T
—— =<

a~ H

= WA AR ' ' =
—~ - PP SIS ' —
@ - — Observed 7~ /A ATLAS -
cU — : y / 1 - —
e’ Vas BEROLLUNE
| VISP I PP ID s ! _
T M« 7 H > aa - 4y
g rrss 7 ! T -Il, tan B =
o) e[ ]+20 ///////// 777 ype-ll,tanf =5
10 E * T 5 ! =
-|= — ISl PN ! =
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ol S — WIS I SIS I ! -
— WIS I IS NI ! _
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= iSSP 000 !
WIS oy
£ ol / s ’///%f ! _|
E jo2L 0 7 =
- — 7 ///////i iy / ! —
g F 7 7 -
Q — IS IS IS ! —
o B ISl IS ! _
5 WIS SIS AP !
| WIS IS ! _
] WIS AP !
3 0 aa
v /
107 700000 /7 —
o g / ! _—
0 IS i IrIrs ! =
o ISl 7y -
o) I ;///%/ ! -
o)) S S S s / . ]
IS 0 !
i IrI IS ! _
i I SIS, !
WIS IS 2N, !
SIS I, ! —
7 7 IS, !
WIS SIS s, !
10_4 ] LA R 0 P . ] ] ] ]
2 3 4 5 6 7 8910 20 30 40 50

m, [GeV]

L. Morvaj Exotic Higgs decays 47



STONY
BRA\®K

UNIVERSITY

¥ H—aa—jjyy

« Fermiophobic a 1803.11145
» E.g scalar coupled to new charged & coloured vector-like states: \;s1;1);

- Dominant yy+multijet background estimated using data-driven “ABCD” method based on
inverting y ID and IMj-Myyl criteria

— O.5_I | | | | | | | | | | | | | | | | | | | | | | | i
g - ATLAS ® Observed 95% CL limit 4
> B _1 — — - Expected 95% CL limit —
~ 0.4/ Vs =13TeV, 36.7 fb " mmmm Expected limit +16
T B Expected limit £2 0 7
G u |
© B |
T 0.3F -
L o : |
m B : i
X 0.2 é —
g O2aTias | Versignaimc ] E |b§ B _
< Vs =13 TeV, 36.7 fb* ';‘ %QFSiQ”a' MC 1 | ; |
~ 0.15 ata ] - : —
2 0.1— —
Z E - -
é | _I | | | | | | | | | | | | | | | | | | | | | | | |
: 0.0 20 30 40 50 60
Yoeen ;
100 120
M,~M, | [GeV] m, [GeV]
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Future Improvements

* Increase the acceptance for soft objects r :
» Muons down to 3 GeV 6F  arLAS {s=13TeV, 36.1 fb" E
. ~ Combined Observed 95% CL
> PFlow (track) jets down to 15 (7) GeV j: -
4__ xpected 95% CL = 1o -

- Merged jets for lower masses: a—bb tagger

ogu(PP—VH)

« Other final states

> CMS 2b2tau: 1805.10191
> CMS 4tau: 1510.06534
> Za: ATLAS ZZ4 1802.03388 HIGG-2017-05

| |
40 50

95% CL upper limits on o,,, x B(H—aa—>4b) [pb]

60
m, [GeV]

. — - | Y /A | ) p
> Long-lived scalars g / /) P\
""""" | | ] i) C 3\ "\ ]
L - — C L g \\
o12f M J —a20 = a 10k | ATLAS i
- —a30 - = - : ke
u ] E  \s=13TeV, 36.11b"
A ] E F ' .
0 - _=||:‘: - = I -o-m, = 20 GeV i
oos— || ] 2 | i --m,=30GeV “\ ol [
.08} ’ o : -e-m,=60GeV '
C [T - 5 1072 —
0.06— J - 3 E .. 1s=8TeV, 195", 203 b’ =
- — - o - £ arXiv:1504.03634 arXiv:1501.04020 .
0.04— . A [ O — m,=10GeV =~ - m, = 10 GeV 1
- JI 7 » i —m,=26GeV = ---e- m, = 25 GeV
0.02| [ - 103 ¢ m, = 40 GeV m, = 40 GeV —=
: : : ;llllll 11 llllllI L1 lllllll 11 lllllll L1 lllllll 1 L lllllll 1.1 ::
| 1 1 1 1 | 1 1 1 1 -
075 10 20 30 40 50 10* 10° 10° 107" 1 10
truth p2 ct, [m]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-05/

summary

« Searches for new particles in H-boson decays are very interesting
» Still relatively unconstrained

» It could be the only way that new physics couples to the SM, i.e. only way to
discover it

« Shown analyses in several channels (with newest results): 2b2u, 4b, 4y, 2j2y

» Beginning to probe the interesting parameter space

« Many new channels and results planned for the end of Run Il

 Stay tuned!
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Systematic uncertainties

L. Morvaj

Source Total background [%] | Signal [%]
DY: normalisation 9.3-15 —
DY: flavour composition 7-11 —
DY: background subtraction 04-24 —

tt: hard-scatter generation 3.6 -8.6 —

tt: hadronisation/fragmentation 3.2-7.7 —

tt: normalisation 2-5 —

tt: ISR/FSR 1-24 —
MC statistics 2.4-49 2.3-4.6
b-tagging 0.6-1.5 17-19
Jet-energy resolution 0.3-2.9 5.2-84
Jet-energy scale 0.3-29 3.9-6.5
Muon-pt resolution 0.1-2.2 0.3-1.2
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T 10
E — ATLAS — ODServed 95% CL upper limit
= u
8 [ (5=13TeV,36.1fb"  — — expected 95% CL upper limit
! -
X n - expected limit (+ 1o0)
m
X N expected limit (+ 20)
3 m

2 B
B [

107

m,, [GeV]

L. Morvaj Exotic Higgs decays 53



. : x STONY
IMILS COomparisorn BROSK
UNIVERSITY
19.7 b (8TeV)
E N 3 00025| T T 17T | T T 17T | T T 17T T T 1T | T T 17T | T T 17T | T T 1T | T I_
E -~ ATLAS m— Observed 95% CL upper limit '% L CMS —e— Observed |
'CT) B . o /f“ - Expected i
9 ozl s=13 TeV, 36.1 fb" — = expected 95% CL upper limit g 0.002 - + 10 Expected —
S - - -
! - - expected limit (= 10) _g - [ ]+ 20 Expected |
I B o E - i
o L expected limit (+ 20) X 0.0015 - . B
s F ~_ "t jetpT>15GeV,dR=05
O DUJ D.C 3} - ]
1073 S B 7]
- c 0.001— —
o - -
0.0003 . 1
. O _
O\O = |
% 0.0005 —
107 o
jet pT>20 GeV, dR=0.4 "
1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1111 | L1 11 | L1 11 | | | | | | | | | | 1111 | 1 1
20 25 30 35 40 45 50 55 60 %530 55 60
m, [GeV] m, (GeV)
arXiv:1412.4779 < .
1 E IS L, [ S S 10—2 L I |
: 0 - ]
= 2 b—tags (R=0.4) ==+ 2 b—tags (R=0.2) < —_— ]
~ 1071 — 0b-tag(R=0.4) —=- 0b-tag(R=02) | | M — I
3 ] =
Yy S 10 3 S— 1V -
8 5 i C
= 107 & E 3
T )
: 3
— -4 L -
Lol — - Lo |
E :'- -§:.=’.-’-- Il B BN B = B = = B = = :l T
I T .
107 = ATLAS 14 TeV, L = 30 fb~! E £ 1073 .
T R R R B 107! 10!
10 20 30 40 50 60
m, [GeV]
L. Morvaj Exotic Higgs decays 54


https://arxiv.org/pdf/1412.4779.pdf

STONY

h—/a limits BROSK

type I, 15 = 2
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w i i

T 16

G>,) d=55 GeV

w 14

95% CL bound on u;, BR(h — aZ)
95% CL bound on u; BR(h — aZ)

12
10
0.1} 0.1} ] 8
6
4
1072 ' ' ' ' 102 ' ‘ ‘ ‘ ) T S e ==L
20 30 40 50 20 30 40 50 15 20 25 30 35 40 45 50 55
m, [GeV] m, [GeV] my, [GeV]
type IIl, 15 = 5 type IV, 15 = 0.5 5
10 ! 10 = ' 2 - ATLAS
N N 2 18E Hozx—4 22 212e =
N S c 1.6F 13TeV,36.11fb" —— —— Observed _7
i i o E e e Expected ]
~ z E 14 B =2 E
3 3 g L E
] o _
g 8 —J 0.8 7
£ £ ®  oeb E
= = e 0.6} —
o o} (o)) i 7
© © 0.4 -
= ® 02BN/ T T e S
§ § T B BRI BRI PR R A A
SR | | - - | | - 9520 25 30 35 40 45 50 55
20 30 40 50 20 30 40 50 my [GeV]
m, [GeV] m, [GeV]

L. Morvaj Exotic Higgs decays 55


https://cds.cern.ch/record/2303676/files/1802.02156.pdf
https://arxiv.org/abs/1802.03388

>
O
=
o
S
N
S~
n
e
[
@
S
i}
©
>
S
n
O
o
2
107
L
l—)
P
T
L)
T
T 10
X
®
®©
I,
o
o
X
=
1134
8010
5

L. Morvaj

15

10

100

100

Other ATLAS analyses
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a-decay products
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Dark matter & y-ray flux

1/11.038/78

T 1 T

Bounds form direct

Above red line excluded
detection experiments

by non-observation of

y-ray emissions from
dwarf galaxies

Vv

(@)

Vv

Red region consistent
Fermi-LAT data

Black line consistent
with relic density
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tt background

* Neutrinos leave no trace in the detector:
» Missing transverse energy: Et™Miss

transverse plane

iss
» Presence of non-interacting particles induced through k\?’“ H
momentum conservation in the transverse plane - 5\ it
. —/__ > e
jet b 17
B — T
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§ Analysis regions

* Bin events based on:
» Total number of jets (nj)
» Number of b-tagged jets (nb)

» Signal-enhanced bins are the ones with 3b or 4b (& <5j)

Dilepton

different-flavor

Dilepton

same-flavor

Single lepton CRi7 tiight

CRtt‘—Hight

(3, 2b) (4, 20)  (=55,20) (3}, 3b) (4, 30) (=55, 3b)  (4),4b) (=5], = 4b)
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» Having different backgrounds dominating different njnb bins helps constrain all the background

components
ATLAS Internal [Jtt + light [@tt + cT -
(s =13 TeV Wi+bb [OZ+ets £ °F, | | ¢Data  WZH
Dil [ Other TN | [Jtt + light [t + cc
llepton | f"ep::nTev, 36.1 fb Bioth [Dziets
i Other -/ Uncertaint
e'e/p*y’, 23j, 2b e'e/uw, 3j, 3b e‘e/u'y’, 24j, 3b 17| Post-Fit EOther 7 Uncertainty
——e
10* 3
e*e’/utw, 4j, 4b e*ut, >3j, 3b etut, >4j, >4b
B
S WO U fpmitsssts
] /
©0.875
- 0.75 )
€%y e, ey, ey, e ) e .
3 5 NOF 3 29 5 % 4 % 3 4 sqp
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Variable (1¢, 3j,3b) (1<, 44,3b) (1¢,4§,4b) | (2¢,3j,3b) (2¢, 24§, 3b) (2¢, >4j, >4b) B
5 = ATLAS ¢ Data .
bbb 4 v v v W[ s=13Tev,36.1 0" -\I/Dw-tl _'
Mpbbb v v 10 = 1 lepton, 4 jets, 4 b-tags [t + light E
Mppb1 \/ \/ - H—aa— 4b, m =60 GeV [t + cc 1
104 L MR -
o ’ / S
average AR(b,b) v4 v4 v4 v4 v4 v4 10°L
Hrt v v v :
pTW v 102
mbbj \/
mr2 \/ \/ \/ 10
AR(L,0) v v v |
AR(Z.H) v v B 125
cos 0* / 5 WM%W
Emiss v v v 5 o

-1 —08 06 —04 —02 0 02 04 06 08 1
BDT (4, 4b, m, =50 GeV)

Table 2: List of variables used to train the BDT multivariate discriminant for each signal region.
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ATLAS DM searches

« Assuming a leptophobic axial-vector mediator (arXiv:1703.05703)

15 DM Simplified Model Exclusions ATLAS Preliminary July 2017 - , ;
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ATLAS DM searches

- Assuming a leptophobic axial-vector mediator Z’ (arXiv:1507.00966)

c)o' 0.4_| | | | | I | | | | | IIIIIIIIIIIIIIIIIIIIIIIIIIL
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- Spin-independent WIMP-nucleon scattering cross section in the context of the Z'-
like simplified model with vector couplings
_37 DM Simplified Model Exclusions ATLAS Preliminary July 2017
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ATLAS DM searches

- Spin-dependent WIMP-neutron scattering cross section in the context of the Z'-like

simplified model with axial-vector couplings

10° DM Simplified Model Exclusions ATLAS Preliminary July 2017
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