What have we learned in Run-2
about the Higgs boson

Pai-hsien Jennifer Hsu
National Tsing Hua University



Outline

+ The Experiments at the Large Hadron Collider
- The Higgs boson: What do we know now?
- Latest results (mostly from Higgs Couplings 2020)

- Summary and Outlook
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The ATLAS Detector

- ATLAS = A Toroidal LHC ApparatuS

- Feature: A giant toroidal magnet (in yellow below)

Barrel Inner T!Ie
Toroid _ Detector Calorimeter Liquid Argon

Solenoid
Calorimeter

RPCs

MDTs

End-cap
= PR WA WD Toroid

_—— ,....--—l\l" T CSCs

| ’ ‘\//%/’%"’“"
|

Shielding

NCTS Annual 2020



The ATLAS Detector
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The CMS Detector

+ CMS = The Compact Muon Solenoid
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Run-2 of the LHC (2015-2018)

Proton collision at center-of-mass energy of 13 TeV!

Collected more than 6x of Run-1 data
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Run-2 of the LHC (2015-2018)

- Detectors performed very well; ~95% recording efficiencies

- ~140 fb-1 “good-for-physics” 13-TeV data

- ATLAS
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Challenges for Run-2: Pi

A typical Z — uu event with 24

additionally reconstructed vertices 600
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Run Number: 336567, Event Number: 190582407
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ATLAS Run-2
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ATLAS Online, 13 TeV det=146.9 fio !

2015: <u> =134
2016: <u> = 25.1
2017: <u> = 37.8
2018: <u> = 36.1
Total: <u> = 33.7
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Challenges for Run-2: Pileup

CMS: Particle Flow (PF) jets with PUPPI

ATLAS: Jet Vertex Tagger (JVT) (Pileup Per Particle Identification) weights
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Higgs Production ggF foraizsGev

Higgs boson in
-H
g9 B

an pp collider
gluon-fusion
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Higgs Production ggF Forai2sGev

Higgs boson in
-H
g9 B

an pp collider

gluon-fusion
o
q - 8
2 S V=w,Z
o
i : 87%
vector boson fusion 2]
H All have been confirmed
3. B M with Run-1 + Run-2 data
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Higgs Decay

Higgs BR
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Higgs Decay

Higgs BR
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mH = 125 GeV
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Well-observed
with Run-1 +
Run-2 data
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Higgs Decay

Higgs BR
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mH = 125 GeV
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H— up

CMS-HIG-19-006
137 b (13 TeV)
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Higgs Production and Decay: Full Run-2 Data

ttH—>W

Observation and measurement of ttH production in the diphoton
channel with 139 fb-1 of data at Run 2 ATLAS-CONF-2019-04
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Higgs Production and Decay: Full Run-2 Data

VBF H — bb: 30 evidence

arXiv:2011.08280
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Higgs Couplings

ATLAS-CONF-2020-027
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Higgs Couplings

35.9-137 b (13 TeV)

CMS-PAS-HIG-19-005
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Higgs Couplings
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Differential Cross section

- Latest results from ATLAS H->4| channel with full Run-2 data

Eur. Phys. J. C 80 (2020) 941
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Simplified Template Cross Section (STXS)

- Measure Higgs X-sec”BR in exclusive phase space (bins).
+ Bins chosen to maximize precision and sensitivities of BSM
- Allow combinations of different decay modes.

- A new standard to communicate LHC Higgs data to
phenomenologists.
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STXS

* Differential measurements in
gg—H and pp-=VH
— BIns at high p,"¥ sensltive to BSM

* Stat unc. » Syst almost everywhere

ATLAS-CONF-2020-027
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Higgs Mass
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Higgs Mass

Dataset Measure- Reference
ment (GeV)
ATLAS-CMS H->yy, H->ZZ" Run-| 125.09+-0-240  Phys. Rev. Lett. 114,
191803
ATLAS H->yy, H->ZZ" Run-l + ‘15 + ‘16 124.97+0240 Phys. Lett. B 784
CMS H->ZZ" ‘16 125.62*210  JHEP 11 (‘17) 047
CMS H->yy, H->ZZ Run-l, 16 125.38+-140  Phys. Lett. B 805
135425
ATLAS H->ZZ' Run-I| 124.92%310 ATLAS-CONF-2020-
005

M. Van De Klundert’s talk at Higgs Couplings 2020
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Higgs Width

Measured by ratio of on-shell and off-shell signal strengths

inH—> ZZ* 2 9
d0gg—1—22 N YeeNIN27
d 772122 7 ('77122 7 '77'2,%[)2 — '772%_]1’ H2

Larger width may indicate BSM decays (e.g. H — invisible),
new resonances, or anomalous HVV couplings
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Higgs Width
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https://arxiv.org/abs/1808.01191
http://arxiv.org/abs/1901.00174

Higgs CP properties

Run 1 results excluded spin-1 and spin-2 hypotheses, focusing now on
scalar vs. pseudoscalar with the larger datasets in Run 2.

Recent results on CP structure in Higgs-fermion couplings via ttH and 1.
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-~ m il .. ‘ 0.5E & '-‘. S w 0.8 i . ]
L(Hff) = ——=f (ky +ikgys) s H PF S Vol s —— —¢.=90
v O : P 2 osf~[ 1 : | —
E P i1 2 I = iy gy I O
. s RN 79 @ fT | 4 -+ =
CP mixing angle B e Lo < A3 & B —— E
- - ATLAS : @ b '
d)CP = arg(f’\'ff//ﬁ?f) ~1.5F ys=13Tev, 139" - < o ——
_coll e Lo o Lo Lo o Lo o Lo oo L o a1 :

-15 -1 =05 0 0.5 1 1.5 2 -0.2— N RPN BT B BT SRR | P o

K[COS(Q) 0 50 100 150 200 250 300 350
Phys. Rev. Lett. 125 (2020) 061802 CMS-HIG-2020-06 0cp (degrees)
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Higgs self couplings

"!’ "

V(H) = - u2|H|2 + A |H|* 8 FEETEEEG - H

Who ordered that ?

VBF:
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Higgs self couplings

Di-Higgs production
measurement: most
feasible with

at least one H — bb

NCTS Annual 2020

B(HH — xxyy)
my = 125 GeV

1Y

-Illlllll | llllllll | Illlllll | IIIIII_
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arXiv:1906.02025

nggs Self Couplings PRL 122, 121803 (2019)

e CMS 35.9 b (13 TeV)
ATLAS | Bxpecied | e
f§=13Tev, 275-36.11" 0 BP0 1o |
5 Ogqr (PP — HH) =33.5b Expected + 20 —~  bbbb
Expocied 36 9:5M
B Obs. Exp. Exp.stat. | e gg—HH
HH— bbr*t 125 15 12 g&ﬂmm o
- — Expected 25 %M —=— Observed
HH— bbbb 12.9 21 18 ---- Median expected
B N gzzed I I 68% expected
HH— bbyy 203 26 26 Expected 18.8xSM 95% expected
HH— W'WW'W 160 120 77 i
- — Expected 12.8x SM
- ) ) TR | ) |
HH— W'Wyy 230 170 160 6 7 8910 20 30 40 506070 100 200 300 400
- . 95% CL on o, /opM
HH— bbW*W’ 305 305 240
combined| 481 69 10 88 g /ghl . ATLAS < 6.9, CMS < 22.2
r ol Lol Lol [ T A AR T
2 3 4 5
10 10 10 10 SJAO

95% CL upper limit on Ogqr (pp — HH) normalised to O oF
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arXiv:1906.02025

PRL 122, 121803 (2019)

Higgs self couplings

Kr = AHHH / AHHHM

-5.0<kKk <12 Observed -11.8 < k) < 18.8
5. 8<ka< 12 Expected -/.1 <ka< 13.6
CMS 35.9 fb* (13 TeV)
— 10 I_l ] I LI l LI I LI I LI I ! LI I LI I LI I LI l T I- —— st.“ - N :
2 : | 1 |-~ - Exp. 95% CL iimits £ E it sl '
f L - o I wm* = = =« Median expected
T = 4 |—— Obs. 95% CL limits T + [ 68° expected
1 . N - 1 it [ 95% expected
Q@ | Ioooos-aS TN — bbb g 2500 - 0 T
a 1= - 1 H M Theoretical Prediction
olg : 3 | o' 2000 f——emedizc
- _ S bBYY : H
- Allowed x, interval 11 1500
10-1|-at95% CL | Comb.
E Obs. Exp. - . Comb. =1 (e 1000 w
C - . =To (exp.)
- (Exp. stal) ATLAS : .
" -50-120 | 58-120 | S-13TeV | Comb. =20 (exp.) 5001 : : !
- (53-115) | ) PR _ o - i :
10—2|||||||||||||||||||1|||:||||||217|.|5||:|3?.|1|f|b||||| I Theoty prediction gollllisllll‘jollll—i‘illll ""1i0""15""20
20 -15 10 -5 0 5 10 15 20 B - - _
k)._)“HHHI}“SM

K,
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Higgs self couplings

Combining H and HH maximises the sensitivity t0 Aunn

Single H production sensitive to A
at the one-loop level.

q -

q e
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Higgs self couplings

Combining H and HH maximises the sensitivity t0 Aunn

<
£
h

NCTS Annual 2020

8_I | I T T | | | | | | I T | B I | I_
- ATLAS Preliminary — double Higgs -
/= {s=13TeV,275-79.8fb" — lﬁ:"ﬂa Higgs —
- Ky =Kz =K =K =K, =1 — :
6 All other k fixed -
5:_ K\ = 4.6 +3-2 -3.8 _:
- 1 .
£95% CL :
3 -
2F -
1E :
:680/0 CL :
O_l | | | l | |1 | | | | |1 | | | | |1 | | I | | | | l | |1 | | | | | | l—
20 -15 -10 -5 O 5 10 15 20

Ky
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Higgs self couplings: Full Run-2 data

HH - bbZZ* - bb4l . .,

10° )
] Theory Prediction
CMS

—— Observed 95% CL Limit
Preliminary

Expected 95% CL Limit
B Expected +1 s.d.

[ Expected x2sd

|

CMS-PAS-HIG-20-004

10* =

1
|
|
I
|
|
|

10° 3

95% CL on oggr(pp— HH) [fb]

107 5 <30 xSM E

. @95% C.L.
101 T L] T T L
~20 =10 0 10 20

First search in this final state: -9 <k, < 14

NCTS Annual 2020

Oyl PP— HHjj) [fb]

pp — qqH(bb)H (bb)
N LA R LR L NELENL L

First constrainton k,,,: -0.76 < k,,,<2.90

P. Jennifer Hsu (NTHU)

g T T T [ T T T I T g
- ATLAS - Theory prediction =
= {s=13TeV, 126 fb™ — Observed limit (95% CL) =
~  HH—bbbB Expected limit (95% CL) -
= E + 1 3
©  JHEP 07 (2020) 108 I Expected £ o S
- Exp(lacted + 20 -
N B T A N R -
-4 -2 0 2 4 6
Kav
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Higgs as a Portal to New Physics

New particles may interact with SM only via Higgs

DARK SECTOR
PARTICLES

- dark scalars

- dark fermions

| —
Higgs boson

- dark force carriers

.2

NCTS Annual 2020 P. Jennifer Hsu (NTHU)
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Search for Dark Matter (DM)

-+ DM are invisible for detectors (do not interact with

ordinary materials). —Signatures as missing energy.

- Pair production: Need a known, visible particle in
association with the DM.

- <6

invisible visible

NCTS Annual 2020 P. Jennifer Hsu (NTHU)
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Search for Dark Matter (DM)

@ Mono-X (DM recoiling against X)
Generic experimental signature:
pp — B + X, where X =jet, v, W/Z (—
lep/jets), t/b or H

NCTS Annual 2020 P. Jennifer Hsu (NTHU)
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Search for Dark Matter (DM)

- ATLAS mono-H->yy channel with full Run-2 data

ATLAS-CONF-2020-054

14

> ~ 1 T N I R
(8 [ ATLAS Preliminary High E7°° BDT tight
12 |— _ R 4 Data —
g : \s=13TeVv, 139" . Non-resonant Bkg _
-~ 10 ‘_ F‘med.SignaI ]
n - SM Higgs + Non-resonant Bkg —|
'E - — T0fal —
© 81— _
> — _
L N 7
6T T
4 :& [ ] L] N
I .
2 E— [ R S it o0 EEEEETI ® ’ ‘ ¢
5 _I I 1 1 1 1 I T 1 l 1 1 1 1 I 1 j I* ] 1 1 | ]
(@) T 1 ' [ T 7 - "~ 1 [+ "~ " - - © - 1 - ]
-~ ]
CHN IR SRR AT S UMM
© F T B T 1 e
T 120 140 16(
O m,, [GeV]
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DM-nucleon cross section [cm?]

—

<
N
©

[ [ IIIIIII I I T T TTT

PP = h(ry)+ X Z. Zg Dirac DM A7) Ag Preliminary
sin6=03,g =18,g =1

Illllll I [

107
Vs =13 TeV, 139 fb™

90% CL-

107
107
107

107 k. 1

10—41 ~eal

.~
- -

107® B
YENON11
10—45 N i .
Spin-independent "~
0—47 | I Ll ]
1 10

| IIllIll | | N I I |

102 10°

DM mass m, [GeV]

—
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Search for Dark Matter (DM)

- VBF H->invisible ATLAS-CONF-2020-052
q I ATLAS Prel | | -

T = reliminary =

g 4( X o OOF (s=7Tev, 47" ~ ——Observed =
v H 0.8F- (s=8TeV, 20310 - THPEC =

S - \s=13TeV, 139 fb E

% % 0.7 :]+20 =

. = 0.6F =

1 , X R f
J 0. =

o -

Lo = -

@ 0.2F =

o e —

= | | : | : | =

ttH VBF Combined Combined Combined
Run 2 Run2 Run?2 Run 1 Run 1+2
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Search for Dark Matter (DM)

- VBF H->invisible

—
o
i

k

Owimp-nucleon [cm?]

10

1074

10

NCTS Annual 2020

B

. <0.09 ATLAS Preliminary
H — inv s=7TeV 47 b

_Alllimits at 90% CL  {s=8TeV, 20.3 fb" 1

\s=13TeV, 139 fb"  —

at
W
-
TL - -
vt
vt
LA
““ul - -
\ul““ - - Il
LA -
LALN -
I~ -

7 -I-I-ig-)'g; Portal
sisiss Scalar WIMP
ATLAS Results wemms Majorana WIMP v LUX

= 1= PandaX-ll

mmm XenoniT —

| lllllll | | lllllll | | lllllll-

10 10° 10°
Myme [GEV]
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Outlook

Long Shutdown 2 (now):
« Maintenance and consolidations works
» Preparation for HL-LHC upgrade

LSt EVETS
SR =TS

13-14 TeV 14 TeV
Diodes Consolidation energy
splice consolidation it LIU Installation
7Tey 8TeV button collimators ﬁ',yg'&on HL-LHC 5 to 7.5 x nominal Luml
R2E project reguons 11 T dipole coll. Installation
Civil Eng. P1-P5
mmmmmm-mmmmmmmql “
ATLAS - CMS
diat
experiment upgrade phase 1 damage. ATLAS - CMS
beam pipes . . . . HL upgrade
pe nominal Lumi 2 x nominal LIIEIJ. ALICE - LHCb . 2 x nominal Lumi

75% nominal Lumi '/—_ upgrade ' .
I 1 1 1 integratgd 3000 fb-1
RUEEES] 4000 (ultimate)

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY y PROTOTYPES CONSTRUCTION ‘ INSTALLATION & COMM.HH PHYSICS
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Higgs self couplings @ HL-LHC

ATLAS and CMS HL-LHC prospects 3 ab1 (14 TeV)
A.IZ | [
< F g .
= | SM HH significance: 40 — Combination
J 10 0.1 < k1< 2.3[95% CL] : B
. 0.5 < x2< 1.5[68% CL] : === bbyy
99.4% CL S[__ii | bbrr
I -=-- bbbb
6 ~
: bbZZ*(4l)
95% CL 4 - === bbVV(lvlv)
I
2.
68% CL [
0 el l\l‘l~l" 1y ," 42 ﬂ arXiv:1902.00134

Higgs Physics at the HL-LHC and HE-LHC
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http://arxiv.org/abs/arXiv:1902.00134

Summary

-+ The Higgs boson is a benchmark in Run-2

+ Probe new physics via precision measurements
of the Higgs boson, or use it as a new handle to

exotic signals.

+ Goals for Run-3/HL-LHC: H->uu, H->cc, H->ZYy,
Higgs self-couplings, Higgs width...

—Inputs/Ideas from the theory side will make the list
longer and richer!
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ttH multilepton couplings

ATLAS: ATLAS-CONF-2019-045 - 80 fb™
CMS: CMS-PAS-HIG-18-019 - 36+42 fb?

H — WW, 171, ZZ decays (it — 2+jets or dilepton)

. Big backgrounds are ttW, ttZ, tt + “fake”/charge-misID leptons & T, _,

 MVA in each category (matrix element in CMS; BDT)
- most powerful categories are 2SS and 3¢

z 2
P.:
©
g 1 3 +1t,,
g
Z
0
1 2 3 4
Number of light leptons
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ttH multilepton couplings

Biggest systematics are

jet energy scale, ttV modeling

ATLAS Preliminary

{s =13 TeV, 79.9 fb™

LI B | I L L
— tOot.

I LI | LI l LI T T

l LI B B l

|

stat. ( fc?;) ( 3)535'[ )
2¢SS P o A L=038 55 o4z
3/ ——H n=093 05 o4
w| 1o 4 w-os2 dn 0m
1 + 2Thag | H—@— = n=030 Tog oee
2¢SS + 1Tyg| H—@—H =049 5 om
37 + 1Gag| +—@ | n=043 Tz o7
|combined o o-ll | lll-" 0158 135? t%:és

=1 U l

best fit 1 = 6™/ciH for m, = 125 GeV

NTHU/NCTS Seminar

ATLAS: ATLAS-CONF-2019-045 - 80 fb*
CMS: CMS-PAS-HIG-18-019 - 36+42 fb?

Biggest systematics in combination
are fake lepton backgrounds, ttH

4151fb" (13 TeV)

CMS Preliminary

Combined

11+ 27,

+1.24
u=140 1.14
2lss

+0.62
u=087
2lss + 1t
p=1.13""%

-1.11

2| + 21:h

3l

+0.82
=029 "%
3l + T,

+1.96
=096 "y

-1.69

P. Jennifer Hsu (NTHU)

w=0.75 *%4 [ ];)_ff(stat.) +0'Q‘C’(syst.)]

-0.43 -0.27

Best fit u(ttH)
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ttH multilepton couplings

Biggest systematics are
jet energy scale, ttV modeling

ATLAS Preliminary s =13 TeV. 79.9 fb

- - |’ LB L | |
tot. _
i (tot) (stat)
stat. +0.57 +0.45
2/SS F q n=0.38 g5, 0.43

ATLAS: ATLAS-CONF-2019-045 - 80 fb*
CMS: CMS-PAS-HIG-18-019 - 36+42 fb?

Biggest systematics in combination

are fake lepton backgrounds, ttH
CMS Preliminary 415fb" (13 TeV)
Combined

11 + 2th
1w = 1.40 ‘1”1‘:"

u=0.75 fé’ﬁsﬁ 11'; (stat.) "(( (syst.)

production may be inadequate

- Multilepton channels provide hints that our modeling of ttW

1 - detailed understanding of ttV limits potential precision in this channel
2SS + 19| b 4 =049 0% em ol J
) _ +1.10 +1.04 '|+ : e
3 + g | 1@ e L0 RO P .
combined to 4 W=058 53 o 4 .
ol Lo Lo b boa s b by w=0.99 % b
= V) 1 y 3 a 5 0 7 e 1

best fit p = 6™/t for m, = 125 GeV

NTHU/NCTS Seminar

-2 —1 0 ‘ 2 3 4 S
Best fit u(ttH)
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Higgs Width

+ Can extract Higgs width from Higgs couplings combination

Eur. Phys. J. C 79 (2019) 421
 Derived within k-framework,

combination of the H->yy, ZZ, WW,tt, ° “foms

35.9fb"' (13 TeV)
L I L

g_
bb, uu and invisible decay channels o opeorves
using up to 36 fb! 7E - SM expected :
* Reinterpreting the model allowing for - el < 3

BSM decays of the Higgs boson.

2

@ - 1— (Bundet =+ Binv)

AAAAAAA

* ~30% uncertainty on the total width | | T,

constraint Fyot/Tom = 0981331
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Higgs width @ HL-LHC

3000 o' (13 TeV)
III III II I[I l[l II III

~ CMS Projection
. — w/ YR18 syst. uncert. (fa'=0)

15

- - w/ Run 2 syst. uncert. (f_=0)

‘, - w/ Stat. uncert. only ( 0)

HL-LHC expected

o
\ arxXxiv:1902.00134

10

b e O IR SR SN M b

arxXiv:1902.00134

ATLAS+CMS

HL-LHC expect
3000 fb-1

I_H —-4 1..i 0.8 MeV

— « 'lllll.‘llIIIIIIIIIIIIIIII

A expected uncertainty

expe(';ted in SM

NCTS Annual 2020 P. Jennifer Hsu (NTHU)

52



L

v

N
<

Eweights/GeV

~

o
|IIII|IIII|IIII+III|III

50
—e— Data

40— — Sig+BKkg Fit
------ Bkg

ATLAS

1 l 1 1 1 1 l 1 1 1 1

l 1 1 1 1 I 1 I 1

\s=13TeV, 139 b
All categories
IN(1+S45/Bgg) Weighted sum

NCTS Annual 2020

130

135 140 145

m,, [GeV]

P. Jennifer Hsu (NTHU)

Phys. Lett. B 809 (2020) 135754

220

upper limit on
0*’BR = 3.6x SM
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Higgs CP properties
CP structure of Higgs-t Yukawa coupling (CMS)

me _ .
A(Hff) = —?fle (k¢ +i%eys) Py

tan(¢rr) = %

« This correlation can be probed via the angle
¢, between the T decay planes:

7 o cos(pcp — 2¢rr)
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Latest Results on the Higgs Boson
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