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Why do we care ?

Stockholm
University

- Higgs boson discovered during Run 1 of the LHC.

- The only experimentally verified fundamental scalar ... SPECIAL !

10000 — ~ ~ v ¢~ Tt

° Data 2011+2012
SM Higgs boson mH=126.8 GeV (fit)

--------- Bkg (4th order polynomial)
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2000 J'
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...............................

Events - Fitted bkg

From arXiv:1207.7214
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- Higgs mass explained by popular beyond Standard Model (BSM) theories
like Supersymmetry ... SPECIAL !

o Ty

/7 N\

‘4 }i
H H

N\ /

--------M--------

Partikeldagarna, 2019

Michael E. Nelson



Why do we care ?
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- Higgs potential directly connects particle physics and cosmology ... SPECIAL !

T A Inflation
b=
Q
dc) > Q
[
=
b
| o
........ - - o
\
N - ) Value of
, _ i
/ reheating end inflaton
e the universe inflation field
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- Higgs potential directly connects particle physics and cosmology ... SPECIAL !
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And who cares ?
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D' ""995 @ Uppsala | ' '

D|-H|ggs @ Stockholm
Di-Higgs / precision Higgs @ KTH

Angelholf

Helsinghorg @
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Precision
Measurements




H - WW* Measurements

Stockholm
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4

VBF (vector boson fusion) [

ggF (gluon-gluon fusion)

8 MOO0000) W q
1%
- 14 o
V H e
8 \Q.QQQ.Q) w= q \
q/

- WW* second-largest branching fraction g 1SOX1(,)4TLAS T | S ey |
(BF) + clean final states => precise and T L —evay E;ﬁv@ = Hor E
rigorous test of the SM prediction. 107 G=1aTev. 860" i Ewield

1ZO: B v ]

+ W — Iv => single leptons triggers and a 10 E
dilepton e-u trigger. zg E

- Categorisation based on Nijet: Zg * E
Niet = 0,1 => ggF; Njet = 2+ => VBF . i -

From arXiv:1808.09054 S
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H —- WW* Measurements
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L 20 L I L L L
- Measured cross-sections consistent with § [ — es%cL ATLAS 3
SM, with ggF measured at 6.0 (5.3) cand .| © 2% s=13TeV,36.1fb =
= [ % Bestfit
VBF to 1.8 (2.6) o. = | 4+ oM
5 1.0F
- Second analysis also measured the very "
small V(=Z/W)H production cross-section. & os} ]
E3_""I""""""I"" [ ]
o  ATLAS —68% CL 0.0f ]
= . 1 —095% [ .
=250 (s=13TeV, 36.1 107 ST ' From arXiv:1808.09054 .
/l\ B S ) NS PR S S R E——
- f =5 0 5 10 15 20 25
CP 2:_ o SM OggF * Br-ww* [pb]
T [ q 5
DE 1.5:—

O 11 1 | I | | I I | L1 1 1
0 0.5 1 1.5 2 2.5

‘B b
From arXiv:1903.10052 2+ * Br—ww [PP]
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Searches for Charged Higgses A
University
+ H(-) — etCett)/utt)urt)/ert)ut) search with o+
2015+2016 data. q
Y4
Y4
+ H+*(-) occur in a variety of BSM theories: ,}PLJF Vas
left-right symmetric models, little Higgs e
theories, type-ll seesaw, scalar singlet dark R
matter, ... /’Y S H =
2] - ' ' ' T T - \\
c 20-ATLAS . SR1P2L () E N
> 18E{s=13TeV, 36.1 fb m(HF) = 450 GoV — q
"' 16E ¢ Data ##% Total SM = B(u=u*) = 20%, B(X) = 80%= _
14f_-Diboson I Fakes __ m(H*) = 650 GeV _i K
12 ff‘,‘_.“) o202 . Dilepton invariant masses above 200
10 e =
o - Blew)=50% BX) =50% 2 GeV define search regions.
6 —
4 < - Vetos events with at least one b-
§ | E tagged jet, to reduce background.
2F , Have 3- and 4-lepton search regions.
i : 9
B 0.5 2 7,
o) 0

300 400 500 1000 2000 From arXiv:1710.09748

m(u=u*) [GeV]
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The Global Higgs Potential

Stockholm
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Perturb minimum, v, by amount h V(¢) > V(v+h) \\ -~ /A=

1 ‘ —
V = Vo + M?h? + Mvh® + ZAh‘l + ...
2 2
= Vo+ %m%hz | ;’;’5 vh3 + i%h‘l ...  Test the SM predictions:
Higgs mass HH production HHH production V= % = 246 GeV
/' /'
g il m3
——.\ - \———— )\:WWOL‘S
N\ N\
N\ N\
v i Cosmological implications !
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Resonant and Non-Resonant Searches KA
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Destructive interference
=> small cross-section !

, H Direct BSM search

V4
/ X = New Matter
e.g. Spin-0: X = S, a new scalar
N\
\ e.g Spin-2 X = G, Randall-
‘H Sundrum graviton

Michael E. Nelson Partikeldagarna, 2019



HH — bb:r ;
Stockholm
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bbr lep7had

p >@ < p
/ H / H
e/ |
from 7 decay Tﬁ”s
a
Vis .
Tha Tha

- Single lepton triggering on events, with exactly two b-tagged jets and a
missing mass > 60 GeV. From arXiv:1808.00336

Partikeldagarna, 2019
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HH — bbrr s
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> T T T T[T T T R RN LN LR RN RS
- Major analysis tool is the Boosted Decision ¢ 4™ = —=iirme—T
I < 5000F TiepT -tags 'e?pj:ar akes B
Tree algorlthm. % E 'ep g SLT 2 b-1ag JZ—>1:rh-T-d(tf)bl,(bc,cc) E
(I} 4000~ e - glt\;llilriggs -
- - - B “’“ ﬁ%h 3 Uncertaint _
Takes different combinations of 11 wo R rembackground
kinematic variables in the difference lep-had mE ]
and had-had channels. o E
- L ol M'T‘.'“l"'r?'-;
: TiepThad Channel TlepThad Channel SR T ST
Variable (lSL'I}11 :esonant) (SLT nlon—;legonant & LTT) ThadThad Channel o %\:\*\ww\w NSUEERRIERL IS \\\\\m\&\\@g&%
mﬁﬁc j “; j 8 085550156206 250" 306356406456 %00
m;j v v v m,, [GeV]
AR(7,T) v v v
AR(b, b) v v v :
fpmiss v Scale of the signal !
E™S5 4 centrality v v
w .
ApT (lepa Thad—vis) v
Sub-leading b-jet pt v

From arXiv:1808.00336
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HH — bbrr R
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- ATLAS a2 1
- p —— NR HH x 2000
- 13 TeV, 36.1 b

op-quar —
: tlepthad SLT 2 b-tags jet > Tpad fakes ]
— Z — 1t +(bb,bc,cc)
4 | o Il Other ]
000 R SM Higgs =
e R [ Uncertainty

- Takes different combinations of 11 oo | e ememmsons

Observed Expected
o(HH — bbrT) [fb] 57 . 69

- Major analysis tool is the Boosted Decision
Tree algorithm.

>
()
)
L0
Al
~
(2]
-
c
()
>
L

"lep Thad 7/ oan 23.5 . 28.4 E
o(HH — bbrT) [fb] 40.0 . 42.4 =
- 0 /osM 16.4 . 17.4 ¥
. o(HH — bbrT) [fb] 30.9 . 36.1 500
- eV]
o o /oM . 14.8
§§§5 ! Y ’ ‘ - Scale of the signal !
E™S5 4 centrality v v
Apr(lep, Thad-vis) v
Sub-leading b-jet pr v

From arXiv:1808.00336
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HH — bbyy
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- Trigger on diphoton events, and have deduced 2-, 1-, and 0-b-jet regions: two
search regions, and the 0-tag for data-driven y+jet background estimation.

Fit m,, in the non-resonant channel, and m,,; in the resonant channel, which is
sensitive to different X-particle resonances.

From arXiv:1807.04873

II|]III|IIII|II[I|IIII|IIII llllllllllllllllll_

> > ~
& [ ATLAS $ Daa $ [ ATLAS $ Data -
To) | V/s=13TeV,36.1 fb™ —— Bkg-only fit _ = 20—_¢§ =13TeV,36.1 fb™ —— Bkg-only fit ]
A 601 b-tag, loose selection _ > - 1 b-tag, loose selection -
()] + | _
3 + : 15— —
N & - 1] e Resonant HH =
i 10F —
) Ml
OQI}IHHHHHHHHI:; O:IIiIIIIIIIII|II|I:
i LETNRTRERITKE o o T i
m . m =
K ARUTLANTULT 0—4—#---Hﬁ-ﬂu—u&--m*--ﬂ-*“--*-*—-—*
-10 — I = =
D Ei | | L1 1 1 | I I | | [ I I L1 1 1 | L 1 1 I— _5__1 | |+ | ] | | | | | | | | | | | | F
110 120 130 140 150 160 300 400 500 600

myy [GeV] Myyjj [GeV]
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HH — bbyy i
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0 From arXiv:1807.04873
B} B} 5 . I|IIII|IIII|IIII|IIII|IIII|IIII|III
- Set limits on both the 2 ATLAS — Observed limit
i - i = 3.5 _ _1 =-=--- Expected limit
Higgs self-couplingand = *°t 4 v/5=13Tev,36.1 b~  Exbected limit 10
the production cross- 3 3.0F Expected limit 20
section for non-resonant ° [ mEm Theory
HH 2.5—
2.0— - '
. bbyy sets stringent 150
constraints on k. o
+ Upper limits on the mass of 0.5
X(HH bbyy set using the
(HH) — bbyy 9 006315 50 59015 20
resonant channel. K
Observed Expected -1l +lo
As a multiple of ogqy 22 28 20 40
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HH Combinations
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T T T T | T L roorr T
ATLAS P Observed E‘ 1 O _I T I IIIIIIIIIIIIIIII | | T T | T TT1 | ' TTT | T TT1 I T I_
- ~ 4 mmee-- Expected — 8.— : : 3 - EXp 95% CL limits
{s =13 TeV, 27.5-36.11b S Expoected = 1o = . : -
- oSt (pp — HH) =33.5 b Expected = 20 4 I - : 4 |~ Obs. 95% CL limits
Obs. Exp. Exp.stat. | ! S : I
Q | TT-m=-=-_3% : bbbb
HH- bbtt 15 12 Z 1= =
bbb | ug - 1 |7 bbrtt
HH-> bbbb 21 18 5 - -
HH—> bbyy 26 26 i I
- ~ Allowed x, interval 1 1
HH— W'WWW 120 77 {o-1l-at95% CL B Comb.
HH— W'Wyy 030 170 160 - Obs. (EXExst.at ) 1 - Comb. 1o (exp.)
- - - b- Stk ATLAS ]
HH— bbW*W" 305 305 240 : -5.0 -12.0 | (gg - ]?g) . /s =13 TeV : Comb. 20 (exp.)
I 2 7ttt y -5.3 - 11. -1
Combined +. 69 10 8.8 > | | | | | : | 27'|5 ) 36'l1 fo | " Theory prediction
B ) Ll ) L1l ) L il ) L i Cont-# N I N N N N N N N I I B | | N 1 N S T T T T N N Y Y |
10 102 10° 10* 10° 10 20 -15 -10 -5 0 5 10 15 20
95% CL upper limit on o . (pp — HH) normalised to GS’QAF K,

From arXiv:1906.02025

- bbrt, bbyy, bbbb provide the most sensitive limits on the cross-section of

non-resonant HH production.

- Combine bbrz, bbyy, bbbb in a 2015+2016 limit of —5.0 < k1< 12.0.

Michael E. Nelson Partikeldagarna, 2019



Summary

Stockholm
University

- The Higgs boson is special and probing its properties at the precision,
%-level is a major undertaking and goal for the LHC over the next 10

years.

- Sweden’s ATLAS groups are playing a leading role in precision Higgs
measurements (H —-WW?), direct searches for BSM Higgs production,
and di-Higgs final states.

- Di-Higgs production a high profile analysis at the LHC, and Sweden has
established itself as one of the key players. E.g. newly-founded Swedish
di-Higgs Working Group for communication between experimentalists
and theorists.
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Why do we care ? tockholm
University

- The only experimentally verified fundamental scalar ... SPECIAL !

g = | L l | TN U I | TN I | TVUL /I I | | L E
B 10° [ ATLAS H— ZZ* — 4] il ATLAS H— ZZ* — 4]
'© S s=7TeV,45f0' 3 e— Observed (s =7TeV, 4.5 5’
g 1 02 __ T Data s=8 TeV, 20.3 fb-1 1T ] emimim- Expected \jg =8 Tev’ 20.3 fb‘1
= = — 0" SM x = I 0'SM =10 .
a, R 2% (ky=Ky) = —:ev,uv n I 0°SM =20 H—WW* — evuv
9 10=_ =g s=8TeV, 20.3fb il [ ]0'SMz30 /s =8 TeV, 20.3 "
5 = H— vy 5 =10 H— yy
= B 1 Il I J 220 -1
< qL s=7TeV,451fb Bl P.a l[s=7TeV,4.510
= s=8TeV,20.3 f5' : o L) =30 (s=8TeV, 203 f5'
107'g i =
E | -"'_ \ E
102} QNN E
- | \ e
107 \ E
— \ =
a4l ; \ N i
10°F K \ \ E
- : \\ \E - | | | |
10-5 AN AR B \ ol oo v Lo b [ 5 i 5 : : : ]
-30 -20 -10 0 10 20 30 JP=0r JP=0 JP=2r JP=20 P2 P2t yP=2
Kq7Kg K q:o K q=0 K q=21c g Kq=2Kg
a pT<300 GeV pT<125 GeV pT<300 GeV pT<125 GeV

L(JgM’ﬁng’ @‘]gM)

‘[:(J};ta :aJP ’ @]P )

a alt alt

g = log
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o(pp— H™H") [fb]

& e,
Searches for Charged Higgses
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University
1034E_| |||||||| |||||||||||||||||||||||||||||||||||§ 'o\_oI 100 ' ATLAS ' ' '__745;'
- ATLAS ,—— Observed 95% CL limit 3 = s=13 TeV, 36.1 fb’ - ]
102 —_\/§ =13 Ie+\/, 36(;1 o . Expected 95% CL limit | i B(H;ie *F)=100% - =
= BlEe)=80%  po Expected limits 1 3 I 788 Tes 732 | =740 E
S B (e+“:)=40 o/ ° [ ] Expected limit + 20 . 1 o 732 730 729 728 T
1o O\ n)=30% o(pp— H™H,) - % 1] 731 729 727 726 725 Eé
= o(pp— H++H;) = 735
] R . 730 728 726 725 724 723 CID
1 _ ily] 731 729 726 725 724 725 724 2
S 3 ¥o)
- . 732 730 727 726 725 724 725 726 730 o
©
10 pl)] 734 732 729 727 726 726 726 728 731 %
736 734 731 729 728 728 729 730 732 736 208 :.’_
e TN W - 0] 738 736 734 732 731 730 731 732 734 737 o

300 400 500 600 7OOI 800 900 100011001200 0 20 40 60 80 100

Rule out masses @ 95 % CL ! BulGlEeE\% B(H';i—> e*e*) [%]

No statistically significant excesses or bumps in the signal region.

Set a combination of limits on the charged Higgs mass, for BF = 100 %
and BF <100 % (latter particularly favoured by type-ll seesaw models).

From arXiv:1710.09748
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Events / 20 GeV

H - WW* Measurements

Stockholm
University

b-tagging, pt > 20 GeV and mrt cuts used to reduce the large top production

background.

Additional requirements on dilepton invariant masses and angle between the
dilepton system for ggF, as well as mt as the final discriminant; central jet and
outside lepton veto used for VBF, followed by a Boosted Decision Tree (BDT)

discriminant.
1200_ T | T T T T | T T T T | T T T T | le T T | . T T ]
i ATLAS -4 Data 2\ Uncertainty -
- : -, M H [ He 7
1000_ H—-WW —=evuv, Njet =1 I:I fT/Wit - ww _
- Vs=13TeV, 36.1 fb" Wz, [ Misid .
800_— B v -
600 .
400+ .
200+ -
i i

Michael E. Nelson

Events / bin
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1000

800

600

400

200

0

—ATLAS —4- Data &Xl\ Uncertainty

:_H—> WW*—evuv, Nje = 2 VBF E gﬁt = Fv&%

~Vs=13TeV, 36.1 fb" Wz, []Misld
BV  -- Hyx30

100 200 300 400 500 600 800 1000160
m; [GeV]
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Events / Bin

Data/Pred.

HH — bb:r

)
gww L Q
“—}w‘bj S
2 S
4//7+S\ﬁ

University
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1 07 El— T T I LI I LI I LI I T I LI I T T I LI I LI I T T —lg -E 5 | T I LI I LI I T 1T I T I T TT I T T I T 1T I T 1T I T ] .E LI I LI I LI I LI I LI I LI I LI I LI I LI I T T I:
= ATLAS ¢ Data o 3 0 10 = ATLAS ¢ Data N E q\] ATLAS ¢ Data N ]
6L A — NR HH at exp limit 7 @ = P — NR HH at exp limit 3 o 10° . — G, atexp limit —
10 E 13 TeV, 36.1 fb Top-quark = = C 13TeV,36.11b Top-quark — = 13 TeV, 36.1 fb m,=500 GeV, k/Mp=1 3
E TiepThad SLT 2 b-tags jet — 1, fakes - g 1 04 E~ TCiephad LTT 2 b-tags jet — v, fakes E! 0>.) ThadThag 2 0-1agS Top-quark i .
10°E Z — 7t +(bb,bc,cc) — a8 o Z — tt +(bb,bc,cc) 3 L 10* — !e: : Thad IaEes (:\illultl-]ets) .
- B Other = e eeees@annnnns I Other . 7. r:hid(bi bo, c(:c)) =
As SM Higgs 7 10° = SM Higgs = B Other o -
10 Ee o ons ] Uncertainty E = Uncertainty 3 10° SM Higgs —
C R Pre-fit background J = eessss@eesessn i Pre-fit background n £ Uncertainty 3
10°E o — 10°E T . =5 0 B e Pre-fit background ]
E e .:--..'-.'.'- E E :-\-\-\-\c\c\-\‘\-\c\c\-\-\-\. E 1 02
1 02 :F ""E 10 :\.\.\.\.\:\.\.g.\}. i\\\\\\\\\\\*\“\\\“\\“_
= et
10 ' 108
1 -
1 e |
1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 1 0_1 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 :I 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1
12:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE _O'12:_||||||||||IIIIIIIIIIIIIIIII||||||||II_: -qc;125""IIIIIIIIIIIIIIIIIIIIIIIIIIIIIJIIIIIIE
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e @ g @ @B g O T O Y 3 N s \\\\k\\S&\\%&\\&\\\QR \i& QL_ SN\ \\\\‘<\\\‘<<<<§\\\\&\\\\\\\\\\\i\\\\\\§\\\\§\\\§§k\\§\\\\§§k\\§\\k§&
0 81 ? ° . 4 . RN \$ AR’ 2NN _E % O 815 b AN \#\ N "\‘\\\\\\\\%\\\\\\\\\\\\ \\\\\\\\\QN\\\\\\\Q R 0 81:_ o §§\\\ \\\\ \&\ \\\\ \&i\ \\\\\&\\\k\\&\\\k\\\\i
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-1 -08 -06-04-02 0 02 04 06 08 1 &) -1 -08 06-04-02 0 02 04 06 08 1 ] -1 -08 -06-04-02 0 02 04 06 08 1
BDT score BDT score BDT score
Observed —1o0  Expected +1o
o(HH — bbr7) 57 9.9 69 06
TMep T
ep 'had
P o/ogm 23.9 20.5 28.4 39.5
o(HH — bbr7) 40.0 30.6 124 59
Thad T
ad ' had
o/ogm 16.4 12.5 17.4 24.2
L. o(HH — bbrt 30.9 26.0 36.1 50
Combination

10.7

14.8

20.6
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HH Combinations
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10

o(pp — S — HH) [pb]

ATLAS
\s=13 TeV, 27.5-36.1fb™

ATLAS
Vs = 13 TeV

27.5-36.1fb7 !

= = Expected [ Observed
= = +10 (exp.) ===+ Constant ms [GeV]

spin-0

QS
_____

L B L

107 E
107 £ . .-
E ] :.\ E
3x107 10° 2x10° 3x10° 200 250 300 350 400 450 500 550
. Exp.95%CL __ Obs.95% CL Mg [GeV] ma [GeV]
limits limits
—WWWW — W Wy - Constrain spin-0 and spin-2 resonance models up
—BWW  —bBED to masses of ~ TeV.
= bbt*t = bbyy

== Comb. (obs.) .

Comb. +2¢
(exp.)

(exp.)

Michael E. Nelson

Comb. t1o

- Also probe hMSSM parameter space, constraining

heavy Higgs mass up to ~ 500 GeV.
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HL-LHC Prospects

Stockholm
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- Extrapolated limits with the HL-LHC could lead to the 5o discovery of
HH production, and a definitive test of the self-coupling in the SM.
Further prospects in ATL-PHYS-PUB-2018-053.

+ Success of discovery dependent on innovation and systematics.
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c : _ L 6 - Vs =14 TeV, 3000 fb B

_8 =% - Basel!ne, Clep Thad E N Systematic uncertainties included ]
< 10> Baseline, 1,47, — D 55“ lllllllllllllllllllllllllllllllllllllllllllllllll ——Dpbbbb 4 P 3
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CC) -, i - —— bb’Y'Y 3
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E ‘ ME W ~-Combinaton /" / / E
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