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My wife Betty

Our nephew:
Nagsen Chao (born Sept 2017)




In 2012, the Higgs Boson was like.....

...... a newborn child

The world celebrated its arrival

S¥. ° predicted in 1964

| o serious experimental searches since 1998
q§" * discovery in 2012




.....and now its 7 years old

we know much more about the Higgs boson

 a “personality” has developed

* we know more and can do more with the
Higgs boson than in 2012

We have already reached the “precision era”
of Higgs physics

* precision mass measurements

 extensive coupling measurements

e quantum numbers (spin, CP)

* searches for rare decays

e measuring the self-coupling




The Standard Model of Particle Physics

LIS R — Describes physics at the fundamental level

£ - - . . Matter particles
x - - . e quarks and leptons (3 generations)
. Force carriers

 Forces mediated via vector bosons
(except gravity)

SJoLIIED 90104

suojdan

unified, symmetric theory
= but all particles must be massless

= = = . All particles and forces described in a

But particles DO possess mass

A Higgs field is necessary to explain masses for fundamental particles



The Brout-Englert-Higgs Mechanism (1964)

Higgs field: scalar field @ with potential:
V(@)= 2 d*Dd + AlD*D|2 (Higgs-field)

For A >0, u2<0:
“Spontaneous Symmetry Breaking”

Field ® has a non-zero value in the vacuum:
v =(-u2/A)/2 ~ 246 GeV  (from Gg)

Particles acquire mass through coupling to the Higgs field: m ~ v
(masses need not be introduced in ad-hoc way)

Quantum excitation of the Higgs field: The Higgs Boson
* mass of Higgs boson: free parameter in the Standard Model (mu2 = 2v2A)



The Higgs Field and Partcle Masses

Without the Higgs field:
V=cC
>
Electron massless, moves with speed of light
With the Higgs field: Higgs field

The Higgs field explains why particles can possess mass

The more a particle directly interacts with the Higgs field, the heavier it is
9



Lare Hadrolider [LHC
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The ATLAS Detector

Muon-
7000 Tons Detectors

D712/me- 260497

Forward Calorimeters

\ End Cap Toroid

Inner Tracking | ol

Toroids Detector Shielding
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The ATLAS Collaboration

Argentina
Armenia
Australia

Azerbaijan

Colombia
Czech Republic
Denmark

Germany

Morocco
Netherlands
Norway
Poland
Portugal
Romania
USSE]
Serbia
Slovakia
Slovenia
South Africa
Spain
Sweden LN
Switzerland

S ~5000 members

Turkey

DK o) @0) 1es, 230 Institutes

USA

o SATLAS

I RAAS feifAed



Particle Physics in Germany

Uni Rostock

Uni Hamburg
DESY, Hamburg

HU Berlin

Uni Hannover
DESY, Zeuthen

Uni Bielefeld
Uni Miinster

Uni GBttingen
TU Dortmund 8

Uni Wuppertal Uni Leipzig

TU Dresden
FH Kdln

RWTH Aachen Uni Siegen :
Uni Bonn Carjens

Uni GieBen

Uni Frankfurt
Uni Mainz
TU Darmstadt

Uni Wilrzb
FH Worms GSI Darmstadt urg

Uni Erlangen

Uni Mannheim ® i} Heidelberg
MPI fiir Kernphysik

KIT

Ui Regensburg installation of the ATLAS calorimeter

Uni Tiibingen

MPI flir Physik
LMU Miinchen
Uni Freiburg TU Miinchen
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[.HC Collisions




Higgs Production Cross Sections

| Prediction ATLAS Preliminary

@ Measurement

Tiny probability to produce Higgs bosons:
1 Higgs boson per 1012 collisions

ES

inelastic I Pyihias (LO)
— mmm——y W NNLO
Oinelastic ~ GHiggs x 1010 pp = W o
pp —> Zy* il NNLO
GW ~ ()-Higgs X 104
NNLO+NNLL T

— {1
Gtop ~ GHiggs X 10 55_) tq ___z—3  NLO+NNLL

pp > H e LHCXS (NNLO)
pp — ZZ /3’“—7 NNLO 1

4 6 8 10 12 14
(s [TeV]

Challenge: separating the Higgs boson signal from background processes
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Higgs Boson Decays

= 80— | | |

o] C . . . ] o

S 70E e erter - Year produced Higgs bosons

-"5') - —— 2012pp Vs=8TeV

2 60 e Iy = 83 000

e ~  ——2017pp Vs=13TeV

> 50F == 2018pp Vs =13 TeV _

= 440 000

o 40 =

E: 190 000
"3 EN 1 700 000
10F 1 2 200 000
O: | | | : i ]
yan ) A\ och 2 900 000

Month in Year
Decays of a 125 GeV Standard-Model Higgs boson

The Higgs boson decays with © ~ 1022 s
* only detectable through decay products

tau/anti-tau
6%

charm/anti-charm '\ 55t sensitive channels:

——< 3%

* H—vyy 0.23%
bottom/ ’7
anti-:)tottom \ 3% e H>/ZZ—tt 0028%
>7% 2 photons,
Z+photon
0.2% each
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Events / GeV

Data - Fit

Searching for H—yy

Run-1
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Similar results from the CMS experiment
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Run-2

e Data

Background

—— Signal + Background
— Signal

ATLAS
Vs =13 TeV, 36.1 fb”
In(1+S/B) weighted sum
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Run-1
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Searching for H—=Z27—¢¢e¢

M, [GeV]

Run-2
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Similar results from the CMS experiment
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Reminder: Why do we care so much?

60
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140 160
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120

We finally can say how fundamental
particles acquire their mass



The Precision Era

produced Higgs bosons
83 000
440 000
190 000

} the discovery era

1 700 000 the precision era
2 200 000

2 900 000

With the dataset in Run-2, what do we know about the Higgs boson?
* precision mass measurements

* extensive coupling measurements

e quantum numbers (spin, CP)

* searches for rare decays

» measuring the self-coupling

20



Higgs Boson Mass Measurement

Fundamental property of any particle (invariant)

The free parameter of the SM Higgs sector

Linked to Higgs potential and Higgs-self-coupling

21



—

S/(S+B) Weighted Events / GeV

Higgs Boson Mass Measurement

High Mass Resolution channels: vy and ZZ—¢¢¢¢

CMS 35.9 fb' (13 TeV)

_I T 1T T | 1T 1T 1 | T 177 | 1T 171 | T 177 | T 177 | T 177 | T 1T T I_

6000 — —
C ,HT1Y2Y5 4 GeV. 02118 All categories ]
4000 |- TH= 1490+ B8V, U=l S/(S+B) weighted —
2000 | ¢ Data . =
- — S+B fit ]
o000~ % e B component .
8000 — - +1o _]
- [ ]+¥2 0 -
6000 — —
4000 {— —
2000 —

o :I 1 1 1 11 1 1 1 1 1 1 11 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1

s 3 B component subtracted 7
400 ;— —;
200 =

100 110 120 130 140 150 160 170 180

m,., (GeV)

CMS 35.9 b (13 TeV)

% - | | | | | | | | | | | |
G 100— + Data _
I L [ H(125) I
2 r [ a9—22, 2y -
o 80 _ B 992z, Zy* —
L|>J i I z+X |
60— l l —]
o 1 E
20~ | i 11 ~

o

0 200 "500 700 900
m,, (GeV)

Maximum likelihood fit on
invariant mass spectrum

Precise energy scale calibration crucial
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S/(S+B) Weighted Events / GeV

Higgs Boson Mass Measurement

High Mass Resolution channels: vy and ZZ—¢¢¢¢

Ijo
HT {2

-

600
400
200

||1 CE"'|"'|"'|"'|"'|"' '

-200
100

| | | | | |
ATLAS

Run 1. Vs =7-8 TeV, 25 b’ Run 2: Vs = 13 TeV, 36.1 fb™

| | | | |
~—-Total [ | Stat. only

Total  (Stat. only)

Run 1 H—4] : . 124.51= 0.52 ( = 0.52) GeV
Run 1 H—yy . 1 126.02 + 0.51 ( = 0.43) GeV
Run 2 H—4l —e ' 124.79 + 0.37 ( + 0.36) GeV
Run 2 H—yy -I 124.93 + 0.40 (= 0.21) GeV

. Runt1+2 H—4l == [ 12471030 (£0.30) GeV
Run 142 H—yy . 125.32 + 0.35 (= 0.19) GeV

. Run1Combined  4—e—u 125.38 £ 0.41 (£0.37) GeV
Run 2 Combined ——— 124.86 = 0.27 ( = 0.18) GeV

. Run142Combined T 124.97 £ 0.24 (0.16) GeV

. ATLAS+CMSRuni lIH """""""""" 125.00 = 0.24 (0.21) GeV

o e e e e e ey e e e

123 124 125 26 127 128
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Precision of Mass Measurements

Mass Precision vs Time

A Higgsboson M TopQuark A Wboson A Zboson

10 " .\.
- — L |
A — N
= A A i —
5 1
O,
S A \‘
O
L
a 0.1
0.01
1 2 3 4 5 6 7

Year after discovery

Current Precision W Z top Higgs

Am/m (%) 0.014 0.002 0.23 0.13
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Higgs Boson Couplings

Predicted for all SM particles
for a given my

Determine Higgs Boson
Phenomenology & Experimental
Signatures

Sensitive to Beyond-Standard-Model
Phenomena coupling to Higgs Sector ===

24



Does the Higgs boson couple to fermions?

ATLAS/CMS claimed observation of new particle decaying to vy, ZZ, WW (all bosons)
* particle is a boson
* particle couples to vector bosons

Does particle couple to fermions? (quarks and leptons)

Lhosonic = (Dpcl))(DHCl)) Lfermionic = -8f [ECIDR T (T—JCI)R)JF]
D, =0y + igwT - Wy, + ig’ YB,./2

Vector bosons Quarks and Leptons

(Yukawa coupling)

gavy = 2M5 /v gar = my/v




How to prove fermion couplings?

Suspect Higgs-quark couplings due to indirect evidence

g 70000000
A ~>—- HY
g 00000,

(a)

Direct evidence requires verifying Higgs-fermion couplings through

real (non-virtual) particles

q t
\\H
q t

Search for ttH production .

Search for H—bb and H—1tt decays



ttH production

Extremely low cross-section g
Combine different decay channels:

e diphoton final state + tt

e multi-lepton final state + tt g n
* bb final state+ tt
> 351||||||||||||||||||||||||||_ __g108|§||||||||| |||||||||||||||| ||||||||||||||§
8 - ¢ Data ATLAS = ? 1 07; ATLAS ¢ Data ;
0 L Continuum Background Vs = 13 TeV, 79.8 fb” - L‘I‘>J’ ) - s=13TeV, 36.1-79.8 fb” [] tfH (n=1.32) 3
N - - - - - Total Background m,, = 125.09 GeV . 10 ;g_._l_._ D;:C(:;)und 3
9 95 — Signal + Background Al categories - 105? . E .
'5) - In(1+S/B) weighted sum . 104;g g; ATLAS: 5.80 (490-)
g 20:_ _: 103;E tlﬁlili ?;
[T B 102 4 CMS: 5.20 (4.20)
s ¢ 1 ok —'—_%
? 10: ~ + * - 1:|""II|
. 1 < A
L ] _\?’ | —
oy } 1'» t—| l l 0 ;‘_ ]
N + ' ! +| | F‘E § o+ * -
_I | | | | | | | | | | | | | | | | | | | | | | | | | ] 1 Py P PS ® Py ®
110 120 130 140 150 160 B e e H ¥ S oY

m,, [GeV] 0g,,(S/B)
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H—bb decays (BR ~ 58%)

Analysis strategy q H
* need excellent b-jet tagging
 target VH production to reduce background
* categorization/multi-variate discriminants used wiz
* special techniques to improve my, resolution q Wiz
:Illl||||||||||||||III|III|III|III||:
18_— ATLAS —o— Data ]
- {s=13TeV, 79.8 b I VH, H — bb (u=1.06) ]
16 0+1+2 leptons [ Diboson N
2+3 jets, 2 b-tags Uncertainty . . .
14 Weighted by Higgs S/B Dijet mass analysis Comblne VH pr OdUCtlon mOde Wlth

12
10

Events / 10 GeV (Weighted, backgr. sub.)
oo

+

1t

40 60 80 100 120 140 160 180 200
m,, [GeV]

results from VBF and ttH production

ATLAS: 5.50 (5.40)

CMS: 5.60 (5.50)
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H—7t decays (BR ~ 6%)

Analysis strategy

* need excellent T lepton identification g >
* target VBF production to reduce background

* categorization/multi-variate discriminants used

S/(S+B) weighted events / GeV

q >
* missing energy from neutrinos taken into account
In iInvariant mass reconstruction
35.9 b (13 TeV) 35.9fb" (13 TeV)
:I LI I LI I LI ”I”II'!”II'I"I'I'I"I'II”!'II”I”.I I: > 1800-—I LI I LI I LI ”I”II'!”II'I"I'I'I”I'II”!'II”I”I I—-
= - 4 S (O] B ]
35:— CMS m 3;_ —+—0bs.-bkg._§ —: Q) 16005 CMS 40 _+_0bs__bkg_'E b
: 3 e 11 S B I
30 [ ~$- Observed 2.5k : = 1400 " —¢- Observed [ 1 3
- — Htr (u=1.09) oF | |:| Bkg. unc. - ] § [ — H—r (u=1.09) 20 |:| Bkg. unc. i
o5l 7 1.5 | 4 S1200p e o, =
Wl T 1 B f W ==l 1 ATLAS: 6.40 (5.40)
B QCD multijet 05 - | a E 1 OOO | QCD multijet —
20 N Others Ld  OF . hd ] C_D [~ Others -10p - i
of e e - 050 100 150200250300 ] = 800;53“9' 050 100150 200 250 300"
] M. GeV) 1 & eook ot m.Gev) 1 CMS: 5.90 (5.90)
- - . + B -jet: t,T, i
10 VBF: uT, €Ty, eu — @ B VBF: 11, ]
- < 400 —
- %_ dp) - Boosted: 7, ut , €, eu ]
SF g 200F . . —
: L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 : B L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 :
0 50 100 150 200 250 300 0 50 100 150 200 250 300
m,, (GeV) m,. (GeV)
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Summary of Higgs Couplings

b 35 9 fb 13 TeV)
= N ATLAS Prellmlnary | =S 1E T
2 AT e , -4 EEP Tcms wz
o - mH=125.09 GeV, ly |<2.5,p =72% & 3 > [
el - i M W .
v 1071 T SM Higgs boson ’ | -
= = o 107" E
~ ) 7] L
- 7 7 S |E
10° e b E
- LT - 102¢ E
ey . T SM Higgs boson
— ‘u'," 3 | .
=L - — (M, ¢) fit
R _ 10_35 ( ) E
il _E : Mo
-+ - - } —
s }g— . + 20
— <L i _4_— -
o 1ip s | =
!LL 1-_— ----------------------------------------------- * """ + " (D ' E | | | | E
0.9 . 8 1t =
0.8 — - ]
L o O r _
107 1 10 10° o 0"'1 o o | """"2
10™ 1 10 10

Particle mass [GeV] Particle mass [GeV]

This particle seems consistent with all predicted Standard Model couplings

Main Run-2 achievement: direct observation of Higgs-fermion couplings
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Higgs Boson (Quantum Numbers

Clear SM prediction for Higgs boson @) @
quantum numbers: J¢P = 0+

electron positron

Spin/CP quantum numbers sensitive
to angular correlations of Higgs boson
production and decay products

Can use hypothesis testing to test
SM prediction against alternatives

31



Determining (Quantum Numbers: Angular Correlations

H—Z7Z—¢tlt particularly

suited to test f . .
different spin/CP 0 CMS - | |19[7f.b |(8|Tev.) +.5'1| fb. (TT?Vi
o
hypotheses y v S ¢ Observed Dyg>05 -
| 1 ~ —— SM
X | sk 91 -icL) : ....... fa3=1 :
2(q) 0 c * _
- > Bl Bl o IS 72/Zy ’
If V, f g(q) b WL zex :
AT L ‘ :
/ 0 AL | i
2 i |
2 ° ° —L—L ®* o —
B A i

Form discriminants which exploit
© . _ pro % 0.2 0.4 0.6 0.8 1
angular information to test against D
0-

different spin/CP hypotheses
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Pseudoexperiments

Spin/CP Results

CMS (preliminary) 19.7 o (8 TeV) + 5.1 fs” (7 TeV) CMS (preliminary) 19.7 b (8 TeV) + 5.1 b (7 TeV)
T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T ] A 120 [ - - - - - m n n . . . .
i ZZ— A4+ WW—212v - B I -8 CMS data - - - Median expected : : : : : : : : : : : : ’
0.1 1 < 100F mmot - 1o s L e aswwey
g — OMS data ] _In'—, 80 L 0" + 26 N : : : : : : : : : : : :
0.08|- 1 o= : 0"'+3c | JFz30 :
0.06 | & 60} A T S ]
oL 1 o [ 1 S T
I .:_ 1v 40p
0.04} 1 ] 20 b= g l rl l
- ﬂr+fl r l r
oy |'| || ‘i |
0 B e Sl s |:I-|""n- Lo i -20 __ I I
-60 -40 -20 0 20 40 60 i :
-2 x In(L1+ /'Ly 40+ 5 : : E
-60 ¢ N
I I A I IR
R 1 T Y ? N
2 8 8 3 838 3838 5 8 g g g 8 8 8

Spin-1 Spin-2 via gg Spin-2 via qq

All alternative hypotheses excluded to more than 99.9% CL

Higgs boson very SM-like: small non-SM admixture not yet excluded
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Searches for Rare Higgs Boson Production & Decays

Searches for rare SM decays
* H—ppu (probe 2nd generation lepton coupling)
* H—Zvy (probe loop decay)

—

| | [N
LHC HIGGS XS WG 2013

Higgs BR + Total Uncert
|
|

IIII|IIII|IIII|IIII| IIIIIIII |IIII|IIII|IIII|IIII
120 121 122 123 124 125 126 127 128 129 130

My [GeV]

107"
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Searching for H—pup

> IAmaEN & > Sl L B B B IR I LI I IR AL =
EL: 1__ ATLAS Prellmlnary 2 R "~ ATLAS Preliminary 5
E  Vs=13TeV,24.5-79.8fb" 7 #5 < - _ 4
o ~— m,=125.09GeV,ly |<2.5 p_ =72% e t . % 50 B VBF tlght \/g =13 TeV, 79.8 fb |
L B H : ' H ~ Fsy 7] R, 7]
ELE 10T T SM Higgs boson W _ "E xz/ndof =31.2/48 H—uuw analysis -
E E . 40 —e— Data ]
10°2 ;_ o A _; | + Background E
- LT 3 30 —— Signal x 20 |
10 L _ - ; .
bl 5 : RN TR
E .‘Ilg_—l H ] - = 10:— =
S 1.1fF v | L S NG } J. ] # !
: ‘ ............................................... e oAV ST .0 _
09 -] 4 ]
0.8 — = =
0.7 | o o o - :?E 2 + B
107" 1 10 10° g\%’/ OQ ++++++++ ++++++; ++ ﬁﬂ ﬁ“*ﬂ + HH'M #&
Particle mass [GeV] al© 'i;_ E
110 915 120 125 130 135 140 145 150 155 160
Best chance to establish Higgs couplings m,, [GeV]
to 2nd generation fermions ATLAS: BRH- < 2.0 X BRsum (95% CL)

CMS: BRH-uu < 2.9 X BRgm (95% CL)
The channel to watch in Run-3

35



The Higgs Sell-Coupling & Higgs-Pair Production

The “holy grail” of Higgs physics

Direct measurement of the Higgs potential
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Searches for Higgs-Pair Production

negative interference between diagrams

Y4

YY

8 - - - -
t,bA \
& QL < -—-=-
&LTTE0)
t,bA _h i\(
& QLA
bb WW T
bb
WW 4.6%
TT 7.4% 2.5% 0.39%
77 3.1%
Yy 0.26%

T T T T T ]
HH production at 14 TeV LHC at (N)LO in QCD :
M,=125 GeV, MSTW2008 (N)LO pdf (68%cl)

MadGraph5 aMC@NLO

N
w
N
N
o
-
N
w
N

interference at maximum when A ~ 2 X Agum

Search for Higgs-pair production across
many channels

Most sensitive: bbbb, bbtt, bbyy
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Higgs-Pair Production Searches

m T T T T 1 | T T T | T T T | T T T | T T T T T
™ 7
S 10E arAs  NRHHE =5 E
& 10 Vs=13TeV,36.1 ' - == NRHH, =1 i
S = HH - bbt'r == NR HH;, =10 =
Q 5 ] Top-quark —;.
m 10°E Thadhad 2 0-12QS [Jjet — 1, , fakes (Multi-jets) =
4 - 1 Z — 1t +(bb,bc,cc) —
10" -jet—>’thad fakes (tt) =
— I Other -
10 =5CEE TEEED - ] SM H|ggs —
= ] Uncertainty =
102 Rt el Pre fit background —
10 =
1= L ==
10—1 _______________________________
107%g
—O. EII|III|III|III|III|III|III|II|III|IIIE
O 1.2 =
A i /A///////i///////w//// o /Z
5 08F N o | | | | | L
= 0820604020

I
—_

02 04 06 08 1
BDT

Ogqr (PP — HH) [pb]

1 O _I T I T TT I'TTT T TT I'TTT | | T | I'TTT | T TT | I'TTT I T I_
- : 1 |~~~ Exp. 95% CL limits
- 1 _
- : 1 | — Obs. 95% CL limits
------------ — bbbb
1= E
- 1 | = bbr*v
B . — bByy
~ Allowed x, interval 11
10-1L-at 95% CL | Comb
; Obs. - Exp. ; - Comb. =10 (exp.)
B (Exp. stat.) ATLAS ]
- -5.0-120 | -5.8-120 ! {s = 13 TeV il Comb. =20 (exp.)
] -53-115 1
5 | | I( | )I I | 27'|5 ) 36'|1 fo | ~ Theory prediction
10°"250 216 10 -5 0 5 10 15 20

Ky

ATLAS: -5.0xAsm < A <12.0 x Asm (95% CL)

CMS:

Searches are statistics limited: more data will constrain A even more!
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-11.8 x Asm < A < 18.8 x Asm (95% CL)




The Precision Higgs Era has clearly started....

In this talk we saw that with Run-2:

* Higgs mass measured to unprecedented precision

* Higgs couplings to the fermion sector confirmed

* Exclusion of alternative spin and CP hypotheses for the Higgs boson

* Approaching sensitivity to Higgs couplings with 2nd generation fermions
* Excluding large values of the Higgs self-coupling

In addition:

* differential cross-sections measured

* exclusions of large anomalous couplings

* increasing sensitivity to CP-admixture scenarios

* inference of limits on Higgs width from off-shell measurements

We have learned much about the “personality” of the Higgs boson at the end of Run-2
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Run-3 and the HL-LHC

...but the precision era will continue

LHC / HL-LHC Plan et'd?nhanosny

LHC
LHC
Run 1 | | Run 2 | | {T] )
LS1 EYETS 14 TeV 14 TeV
13-14 TeV energy
splice consolidation injector upgrade crvolimit §to7x
7Tevy 8TeV button collimators cryo Point 4 Y ation HL-LHC installation ket WY
— R2E project Civil Eng. P1-P5 regions

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2024 2025

radiation
damage
2 x nominal luminosity I
75% experiment nominal luminosity | | experimentupgrade | | — 1 experiment upgrade
nominal beam pipes phase 1 phase 2

luminosity I
I/ integrated
luminosity

increase in data by ~2 orders of magnitude to 3000 fb-!

increase in energy to 14 TeV

Significant upgrades to accelerator complex and LHC detectors
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1.15

Sensitivity Estimates
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Summary & Outlook

.”’ b

We have come to know much more
about the Higgs boson in the last 7 years

[ts personality thus far is very “standard”

But the teenage years are still to come ;)

Maybe it has siblings we don’t know about ;)
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Thanks for your attention!!

HIGGS BOSON
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Fundamental Forces/Interactions

Four fundamental forces/interactions that we know about

Electromagnetic Strong Nuclear Weak Nuclear Gravity (very weak!)

gluons W /Z bosons graviton???

At the quantum mechanical level, forces transmitted by particles (force carriers)
* all interactions we know of can be described by these forces
(and particles of the Standard Model)

4



Symmetry Breaking

Examples of symmetry breaking

7’

Re(¢)

The vacuum state hides the symmetry of the system
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Higgs Mass: ATLAS results & systematics

T — T
1 4: ATLAS _ﬁoi)nt;;?d_) u- Source Systematic uncertainty in mg [MeV]
1o H— ZZ*+H — yy Combination :gt; Z)Zl | | EM calorimeter response linearity 60
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10F _ 1 EM calorimeter layer intercalibration 55
i I Z — ee calibration 45
8 [ 1 ID material 45
- 1 Lateral shower shape 40
- ' 17 Muon momentum scale 20
6 - . .
i Y i 1  Conversion reconstruction 20
A N '/ / 206 1 H — vyy background modelling 20
i % .," 3 1 H — 7yy vertex reconstruction 15
ol 1 e/y energy resolution 15
T S\ N iYL ic 1  All other systematic uncertainties 10
ol 1 . DA
124 125 126
m,, [GeV]

PLB 784 (2018) 345
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The Higgs Mass and the Fate of the Universe
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KErzeugung von Higgs-Bosonen am LHC

Q00
l>vv\ H
Gluonfusion
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ATLAS H—bb Results (13 TeV)

CATLAS  HobB  Vs=7TeV,8TeV, and 13 TeV
4.7 67, 20.3 fb™!, and 24.5-79.8 fb™
— Total Stat.
Tot. ( Stat., Syst.) Sionifcance
VBF+ggF | . 4 168 T (Yoo foer) Channel 5
Exp. Obs.
ttH —— —i 1.00 fg_'gf (f8_§$ , fg_'ig ) VBF+ggF 0.9 1.5
+0.22 +0.14 +0.17 ttH 1.9 1.9
VH o 0.98 _0.21 (Z0.14 » 2016 ) VH 5.1 4.9
Comb. o 1,01 *020 (1012 4016 H — bb combination 5.5 5.4
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 1 2 3 4 5 6 7 PLB 786 (2018) 59
MHebb

CMS Results: b.60 observed, 5.50 expected
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Events/ GeV
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Clear excess of data above background prediction

Excess consistent with SM Higgs boson prediction
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ATLAS C

I I I | I I I | I I I | I
ATLAS PreIImInany |_._|Tota| Stat :Syst | SM
Vs=13TeV, 24.5-79.8fb
m, =125.09 GeV, IyHI <25
Py = 71% Total Stat. Syst.
agF vy ru%q 0.96 =014( =011, 10%9)
ggF Z2Z e 1.04 *31°( o014, =006)
ggF WW |I£| 1.08 :019( =011, =015)
oot ke 088 GEC G, G
ggF comb =l 1.04 -o009( =007, 307)
VBF yy 139 10R( 0%, 10%)
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2

0 2

Parameter normalized to SM value
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Higgs-Pair Production Searches

35.9fb" (13 TeV)

95% CL upper ||m|t3 I‘é- 10 :I T TTTT T T TT T T TT T T TT | : T TT | T TT | T TT | TTTT | T |: . ] . .
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"""""" Q. === ! — bbbb
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- : : s - 1 | — bre
o B |
: ‘ - 1 |~ bbyy
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ATLAS: -5.0xAsm < A <12.0x Asm (95% CL)
CMS: -11.8xAsm < A <18.8 x Asm (95% CL)
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