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Introduction

® Couplings to ZZ and YY: precision measurements
® Higgs Mass and Width
® Measurements in kinematic bins

® Couplings to fermions: discoveries and searches
® Bottom Quarks

® T Leptons
® TJop Quarks
® Combined measurements
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The SM Higgs Boson

The Higgs boson is a window of discovery
for new particles and interactions

Why!? The Standard Model (SM) precisely
predicts Higgs interactions
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predicts Higgs interactions

Leptons m
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The SM Higgs Boson

® The Higgs boson is a window of discovery
for new particles and interactions

®  Why! The Standard Model (SM) precisely
predicts Higgs interactions

The Higgs field ...

Leptons

...Interacts with gauge bosons to leave
two massive vector bosons (V),
a massless photon (Y)
and a scalar Higgs boson (h)

...Interacts with 3 generations of
fermions ( f), giving them
each a mass proportional to
its Higgs-fermion coupling
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The SM Higgs Boson

® The Higgs boson is a window of discovery
for new particles and interactions

®  Why! The Standard Model (SM) precisely
predicts Higgs interactions

The Higgs field ...

Leptons

...Interacts with gauge bosons to leave
two massive vector bosons (V),
a massless photon (Y)
and a scalar Higgs boson (h)

Now that we know the Higgs mass,
the SM predicts all interaction rates,

...Interacts with 3 generations of SO we can test:

fermions ( f), giving them
each a mass proportional to
its Higgs-fermion coupling

® Decay Rates

® Production Cross Sections
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The Higgs boson is a window of discovery
for new particles and interactions
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predicts Higgs interactions
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The SM Higgs Boson

The Higgs boson is a window of discovery
for new particles and interactions

Why!? The Standard Model (SM) precisely
predicts Higgs interactions

Decay Rates
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The SM Higgs Boson
g Gluon-Gluon
= %%% Fusion
The Higgs boson is a window of discovery 85 V> ------- h
for new particles and interactions 43.9 Pb

Why!? The Standard Model (SM) precisely
predicts Higgs interactions

®  Decay Rates

O Production Cross Sections

q

Vector Boson Fusion
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The SM Higgs Boson

The Higgs boson is a window of discovery
for new particles and interactions

Why!? The Standard Model (SM) precisely
predicts Higgs interactions

Decay Rates

Production Cross Sections

Do these rates agree with the SM? If not,
there are new particles and interactions!
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Higgs Mass

JHEP 11 (2017) 047 arXiv:1806.00242
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© CMSHto4£:125.26 £0.21 GeV

ATLAS Run 2 Combined: 124.86 + 0.27 GeV
© ATLASRun | + Run 2:124.97 £ 0.24 GeV
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Higgs Width

e SMWWidth: 4 MeV

e Directlimit: CMSH — ZZ0® — 44Ty < |.1 GeV (95% CL)

®  From on-shell/off-shell cross section ratio (ATLAS): 1 < 14.4 MeV
e CombinesH — ZZ® = 4¢and H = ZZO) - 22v

® Assumes effective couplings are the same in both on and off-shell
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Higgs Width

e SMWWidth: 4 MeV

e Directlimit: CMSH — ZZ0® — 44Ty < |.1 GeV (95% CL)

®  From on-shell/off-shell cross section ratio (ATLAS): 1 < 14.4 MeV
e CombinesH — ZZ® = 4¢and H = ZZO) - 22v

® Assumes effective couplings are the same in both on and off-shell
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BR'/ BR%

o, x BR* / BRE, (pb)

Simplified Template Cross Sections

Measure Higgs cross sections by production mode and kinematic bins
® More straightforward to reinterpret results in specific BSM models

CMS Preliminary 35.9 fb™' (13 TeV)

- —H e Observed .
107 E 99 = +10 (Stat.®sys.) 7

C * — 20 (stat®@sys.) -

H+V(qq)

—
TT

-

m— +10 (SYS.)
SM prediction

H+W(i) ttH+tH

' H+Z(Il/vv) ’

. Stage 0 Simplified Template Cross Sections

107 E E
IyHI <25 ]
10 ¢ bb
10 ¢ TT
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107F '

CMS-PAS-HIG-17-031
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Ratio to prediction

o O = DN

oo oI O
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Differential Distributions

®
@
CMS 35.9 fb' (13 TeV)
H— vy
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Systematic uncertainty
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Fully unfolded distributions binned in kinematic properties
Higgs events, defined phase space
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VH, H — bb 80 fb_|

2 lepton

® |argest decay mode with

challenging backgrounds reduced
ol P through:

® Vector boson: 0, |, or 2 leptons
o ® High pr selection

" () ® Main discriminants in BDT:
| lepton ™ m(bb), pT(V) and AR(bb)
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Events / 0.25
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VH and H—bb Observation

®
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o
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108 ATLAS Preliminary I VH — Vbb (u=1.16) 2
= (s=13TeV,79.81b" glboson =
107 gg 0+1+2 Ieptons Slng|e top ?g
B ; Multijet ]
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VBF+ggF

ttH

VH

Comb.

Run 2 VH, H—bb significance: 4.90 (4.30 expected)
Combined with Run 1:4.90 (5.1 0 expected)
Combined with VBF(+ggF) and ttH analyses: 5.40 (5.50 exp.)

VH production combination with Yy, ZZ*: 5.30 (4.80 expected)

— Total Stat.
- ® -4
————
2 2
e

ATLAS Preliminary

s=7TeV,8TeV,and 13 TeV
4.7 o 20.3 fb™!, and 24.5-79.8 fb

(Tot.) ( Stat., Syst.)
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1.68 "', (D100 051 )
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1.00 -0.54 (—0.27 1 —0.46 )

+0.22 +0.14 +0.17
098 -0.21 (—0.14 » -0.16 )

+0.20 +0.12 +0.16
1.01 -0.20 (—0.12 » -0.15 )
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Boosted Higgs in Gluon Fusion

® |arge radius jet
with with two b-
tagged subjets

pT > 450 GeV

Higgs excess |.50
(0.70 expected)

®  Such “Higgs-tagging”
techniques
applicable to BSM
events containing
Higgs bosons

S.Zenz - SM Higgs Boson
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H— TT Observations

Run |: H— TT observation achieved by combining ATLAS+CMS

2016 data: independent observations from both experiments

CMS (ATLAS) has 9 (13) categories to cover hadronic and
leptonic T decays and high pr regions

35.9 b (13 TeV)

Phys. Lett. B 779 (2018) 283

0.15 +0.16
1.097 0 12 (stat) "1

—0.08 —0.12
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Events / 4 GeV

ttH Production

3.5

2.5

1.5

0.5

G

® I|dentification of ttH production combines many decays

® ttH-tagged channels from Yy and 4£: pure but low rate

CMS 359" (13 TeV)
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ttH Production

® I|dentification of ttH production combines many decays
® ttH-tagged channels from Yy and 4£: pure but low rate
e ttH multi-lepton: H>WW?*—= vy, H=2TT, H> ZZ*

CMS 35.9 fb' (13 TeV)
-.8 — ¢ Observed [ ]Rare + tH
ry - EltH (1=1.23) [] Conversions
pp — H g 705 [tz S Misid. leptons
I_» _ — - L 60E- B ttw + ttww Uncertainty
7T E‘+V9+V,+Th++v, - Wz +2z 3]
bW-— b+p-+v, 50F-
bW+— b+q+ i =
q+q " jet 40F-
b-jet
jet i .,
*
b-jet “ 0 O OO O _ ajsjiasrrs
l‘g 5 05F
8§ o .
u’_‘l 8 O:E ....... + ....... + ’ ¢ *
g A cE
o |
a

L \ ~0.5F
& e- £l b
1 1 2 3 4 5

Discriminant

: " CMS arXiv:1803.05485
Three lepton: complex but highly sensitive topology ATLAS Phys.Rev.D.97(2018)072003
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ttH Production

® I|dentification of ttH production combines many decays

® ttH-tagged channels from Yy and 4£: pure but low rate
e ttH multi-lepton: H>WW?*—= vy, H=2TT, H> ZZ*

® H-—bb:single- and double-lepton, plus jet counting, then
multivariate discriminants

CMS: all-hadronic
e e e 35.9 b (13 TeV)
o ATLAS ¢ Data WitH 1] 7
% 450f i ff + light [Jtf+=1c =10 &% Stat ® sys unc
£ s =13 TeV, 36.1 fb” Etf T %ﬁ LV S [ Multiiet [Othert CMS
% 400¢ Smgel_e Lepton CJNon-tt  ~~Total unc. - 108 @t+f  []Electroweak
3500 SRT - ttH (norm) ] o Ett+cc  EWUH (1=0.9)
Post-Fit o 10° @ti+bb  —ttH x 500
300} 2 + Data >9 jets, >4 b tags
L%’ 10*
_________ 103
102
10
50
) o——1—— T PES e U o 1
° 1.2
9 1 25 ] x ' QOO0
9 b t & 1%%@%%%5@2@57@%/7 - % 1O R A s RS
_ g 075} © 0.8
o
b 0517208 —06 04 02 0 02 04 06 08 1 Q 00 01 02 03 04 05 06 07 08 09 10
Classification BDT output MEM discriminant
. . Phys. Rev. D 97 (2018) 072016 arXiv:1803.06986

arXiv:1804.03682
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ttH Observation

CMS 5.20 (4.20 expected) Run | + 2016
® ATLAS 6.30 (5.10 expected) Run | +2015-17

517 (7 TeV) +19.7 fb" (8 TeV) + 35.9 fb™ (13 TeV)

N
o
o]
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ttH Observation

CMS 5.20 (4.20 expected) Run | + 2016

® ATLAS 6.30 (5.10 expected) Run | +2015-17

5117 (7 TeV) +19.7 b (8 TeV) + 35.9 fb™ (13 TeV)
@ Observed

C M S = +10 (Stat @ syst)
L , mmm +10 (Syst)
B 5 +20 (stat @ syst)
ttH(WW?™) ————g————
ttH(ZZ*) ® ———

ttH (THT7) [ ——m—————————

ttH(bb) .
7+8 TeV -—-_-—
13 TeV I —-_-—
Combined —-.-—

4 0 1 2 3 4 5 6M7
Phys. Rev. Lett. 120 (2018) 231801 ttH

S.Zenz - Higgs Seminar

I ! 1 I I I I I I I I I I I I I I I I I I I ! I I I T

ATLAS e Total Stat.
Vs=13TeV, 36.1 - 79.8 fb™

[ Syst. — SM

Total Stat. Syst.

tiH (bb) H . ' H 0.79% gg (% o5 ,+0.53)
ttH (multilepton) f—e— ]| 156+ g4 (£ 029 v % o7 )
ttH (yy) ———— 139+ g4 (£ 03 +% o017 )
ttH (Z2) Je < 1.77 at 68% CL
P — 1324 92 (£018,% 9 )
oo by by b b by
—1 0 1 2 3 4
Gy Oy
arXiv:1806.00425
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. . ‘0 CMS Preliminary 35.9fb~" (13 TeV)
Single Top Production on o o= Omsore
H WW /77 bE ---- Expected (SM)
35 s \/ﬁt : [TT/PB/ 7Y o Opserved (Multilepton)
- :ky=1.0,resolved - Expected (Multilepton)
30 A —e— Observed (77)
I \\ “‘ ....... Expected () ;
o5 \ \‘ —e— Observed (bb) " 50
Q \ \“‘ ------- Expected (bb) |
< A

® Rare production in SM due to
interference: roughly 70 fb

® (CMS Result combines: CMS Supplementary

¢ tH multilepton channel = [ PP et H —~ WWU/ZZrolobiyy
e tH,H— bb )
® Reinterpretation of ttH .

categories from H—Yy
® Given SM ttH yield and acceptance 1

op Best fit
utH < 26-5 (|3.6 eXP.) 0 iggfl’/oeé?fcted
- - 95% C.lI.
CMS-PAS-HIG-18-009 T T T
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Combined Results

AT AG Dl Observed +1o b
ATLAS Preliminary ) Stat. uncertainty CMS Preliminary 35.9 b (13 TeV)
Vs=13TeV, 36.1 - 79.8 fb Syst. uncertainty s E>|> 1__--| T T T T A B
my = 125.09 GeV, IyHI <25 SM prediction > ; W Z
vy FE;E"' - E "
2 e 80 fb -
ggF ww =i u_o 10 — E
o B e - |>
comb. = LL :
| <
Yy ‘I—E—| 1072 3 g
“ | = S - SM Higgs b
VBF ww ‘ ’ iggs boson
TT —_— - [M, 8] ﬁt
comp,| T by 10°F u 3
i + 1o
14 | —— o
VH 2z E‘ i 20
bb F%E4 _________________________________ E 10_4:_.| . N L ol E
comb. H=——] ) 1.5 ' T — T ,,
vy ——— o ] S — - * ........... e
VvV |‘—E—| "5 é
ttH+tH 77 ——— % 0.5 <
o S NSRRI Y 0"'_1 BE— S— ""2
comb.| = 10 1 10 10
1-050 05 1 15 2 25 3 35 4 Particle mass [GeV]
o x B normalized to SM value CMS-PAS-HIG-17-031
ATLAS-CONF-2018-031
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By Production and Decay

® Several possible choices for model
parameters allowed to account for SM
deviations in combinations

® Ratios of cross sections and branching
ratios cancel out some uncertainties

L L L L L L L L DL L L BN
ATLAS Preliminary e Total Stat. =1 Syst. — SM
Vs=13TeV, 36.1-79.8 fb™
m,,;=125.09 GeV, ly | <2.5

Total Stat. Syst.

OgaF = 113 = 5% (= 017 »= oo )

Over/ Oggr == 117+ g5, (= 021 % o1 )

Ol Oggr — | 1.64= gy (= 046 +* o35 )

Ozl Oggr | :.:l : 0.76 = o35 (= o35 +* o28 )

Ot + 11/ Ogor |-IEE—| 120 = o3 (% o3 »% o717 )

B,,/Bz, FET' 0.89 = 8:12 (= 8:1? y £ g:gg )

Buw/Bzz HE= 0.94 = 537 (* g32 »* o2 )

B../B, he=e=- 0.87 = g% (= g7 » % 15 )

Boy/B, H=— 0.81= g5 (= 0% »* o039 )

b b b b b b b b b

05 0 05 1 15 2 25 3 35 4 45

Parameter normalized to SM value
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CMS Preliminary
35.9fb™ (13 TeV)

® Observed

== +10 (Stat.®sys.)
== +10 (SYS.)

— +20

ggH ;
Mgp| ——o——
Mo .
Mo —e==
Yin e
W aan
IIII|IIIlillII|IIII|IIII|IIII|IIII|IIII
0O 05 1 15 2 25 3 35 4
Parameter value
CMS Preliminary ® Observed
35.9 fb™" (13 TeV) - +10 (Stat.®sys.)
== +10 (SYS.)
— +20
Y
M —E*—
uw :
M‘CT :.
ubb e
1 1 1 | 1 1 1 1 i 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 0.5 1 1.5 2 2.5

Parameter value



“ 2.5 ATLAS Preliminary + Bestfit
- Vs=13TeV, 36.1-79.8 fb™ —68% CL
o[ M= 125.09 GeV, ly, | <2.5 ----95% CL
- * SM -
1.5 —
— =—Combined — H—yy ¢ T _
05__ —H-=ZZ H—-WW __
~ H—bb — H—171 .
_I 1 1 | 1 1 1 | 11 | | 1 1 1 | 1 1 1 | 11 | | 1 1 1 | 11 | | 1 1 1 | 1 1 1 | I_
0O 02 04 06 08 1 12 14 16 18 2
Ky
ATLAS Preliminary 16 interval —em
Vs=13TeV, 36.1 - 79.8 b 5 o interval ——
m, =125.00 GeV, ly | <25 ©
KZ —;‘-— -9
Kw —-o-— —&
|- g | — -
KT —E*— —*E—
Kg o -
o : - E
y —p— - —4
B BBSM =0 , |KV| <1 :
BSM Bgsy 20 g
111 | L 111 | L 111 | L 111 | L 111 | L 111 | 11 111 | L 111 | L 111 | L 111 | L 111 | L 111 | 11
-1 05 0 0.5 1 1.5 -1 05 0 0.5 1 1.5
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Benchmark Model Fits

K’s scale effective couplings to
particular particles

Kv (Kf): all bosons (fermions) scaled
together

gluon and Y loops: may be resolved or
use an effective couplings

Can reinterpret in context of specific
models, e.g. A(MSSM below

CMS Preliminary 35.9 b7 (13 TeV)

% LI I LI I LI I LI L I LI
g -
hMSSM )

— Observed 95% CL 7]

""" Expected 95% CL il

10 ]

1 LAl I LAl l Ll I Ll

200 300 400 500 600 700 800 900 1000
m, (GeV)
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Conclusions

Main production and decay modes g
from discovery era have now all
been observed individually

® gluon fusion,VH,VBF and ttH
production
® vector boson, photon, and 3rd

generation fermion decays v J
Next discovery targets: rare — A
production modes, 2nd generation
Run 2 dataset allows an increasing % 7
range of precision measurements | |
The Higgs looks a lot like the SM e k W !
so far... but the LHC is only just b1 L L4
getting started! S LA,

23 July, 2018
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Extras
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CMS ZZ to 40 Mass

CMS 35.9 o' (13 TeV)
cms 35.9 fo”' (13 TeV) 3 8 I —
® de —e— untagged —o— VH-hadr. tagged | £ C - i -
. —&— VH-lept. tagged - —_ N 4l
* 4u -A— VBF-1j tagged e VH_ETSS tagged i I < 7 -
® 2e2p  — VBF-2jtagged _ ttH tagged [l 12§ N M4y D' ass :
€2 | i N F | ]
xD.Q P_so o'® 6 - M'ss D' mass: D:;II?g ]
- e —e—e— [~ ' ; ]
0.8‘;” 5 :_ """ M'yp D' masss Diyg (Stat. only):;' _:
. : z
0.6 4 NN
- 3f -
0.4™ a 1
: 2" :
0.2%- 1_ ]
val N .
B —p— 8 '_—T_Hw_"*‘ a N | | ]
I N P T T S Y —o L \ | \ | . I
00 110 120 130 140 150 160 170 1845 125 1255 126
m,, (GeV) GeV)

w

No m(Z1) constraint 3D: L(m4s, Dmass, Dgli(r;) 2D: L(mgp, Dmass) 1D: L(myy)
Expected myy uncertainty change +8.1% +11% +21%
Observed my (GeV) 125.28+0.22 125.36+0.24 125.39+0.25
With m(Z1) constraint 3D: L(m}yy, Dinasss Dﬁ(‘;) 2D: L(myy, Dpass)  1D: L(ml,)
Expected my uncertainty change — +3.2% +11%
Observed my (GeV) 125.26+0.21 125.3040.21 125.34+0.23
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Events

10°

10°

10*

10°

102

-
o

—
O_ T IIIIIII| T TTIT
-
= i

cross section to SM:

H— U Searches

® Events categorized to enhance
S/B: based on muon n(H),
pT(MM), BDT to enhance VBF

® Background from sidebands

Limits on ratio of

ATLAS: Py < 2.1 (2.0 exp.)

35.9fb™ (13 TeV)

/s

||I T IIIIIII| | I'IIIIIl T TTTIT

f
i

CMS

¢ Data
DY
[Jtt+st
JVvVv
OTTX

== ggH
-- VBF

--VH
ttH
OvvV

Transformed BDT
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ATLAS-CONF-2018-026

> ML BRI I I I I LI B I I
S _ ATLAS Preliminary

2 50 VBF tight Vs =13 TeV, 79.8 b
U*E-J' Xz/ndof =31.2/48 H—uu analysis

404

—e— Data
Background

+ ——— Signal x 20

30

20

II|IIII|IIII|IIII|IIIT

—_
o

0
4
Elw 2 +
§ % 9 +++++4++++++++;++$;++H+++#++++++++ﬁ+ fﬂﬁ
4
CMS uuu 295 (245 eXP.) 110 115 120 125 130 135 140 145 150mu15[£(35e\1/§50
x10° 35.9 fo! (13 TeV)
CMS All categories
% 10 H—uu S/(S+B) we:ghted
8 £1=0.7 for m =125 GeV ¢ Data
o 8 |  S+Bfit
; 6 B component = 1 s.d. (2 s.d.)
c
s 4
8 o2
=
(@)
G_) OIIIllll||||||||||||||||||||||||
E 200 ' ' ' B'componént subtracted '
E oi | ﬁ ! }i ﬁ fﬁ Hi{i% o bt B G
5 L ¢ ¢ ¢
P _200f } t | i % | | | | |
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