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Re-introduction

« Today: more focus on measurements

— Vector boson scattering and effective field theories
— Higgs physics (Standard Model and beyond)

« Connected topics: Higgs boson restores unitarity to WW scattering at
high momentum
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Vector boson scattering
ATLAS

EXPERIMENT

Run: 302956

Event: 1297610851
2016-06-29 09:25:24 CEST
mj; = 3.8 TeV

ATLAS STDM-2017-06: pp » W W™ jj — e veu™v,jj
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Significance and limits

Another thing we can do with our statistical model is search

Significance: how likely is it that your background fluctuated to
produce the observed number of events in the absence of signal?

— Defined S/6B = (N,ps — B)/ J B + (6Bsys)? in the Gaussian approximation

= Which is why it’s typically quoted in “sigmas”

= “Five sigma” is the threshold to be an observation (1 in 3.5 million chance of
being a statistical fluctuation... if your uncertainties are correct).

Limits (1007.1727) 2
— Distinguish between null and signal hypotheses )\( ,u) L L('u 4 ?)
— Define profile likelihood ratio A L(f,0)

— Derive “test statistics” to characterize level of agreement between data
and hypothesis

— Frequentist interpretation based on probability distribution of the test
statistics
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Effective field theories

« Powerful tool to parameterize physically plausible new physics
‘ SMEFT — SM FIELDS AND NEW OPERATORS
L = [EsH)+ L 8 + L B8+ L B+ L .+%.+...

2 2 3
NsL0 NS=0 AcSB#O AJL#O
4 = The SM, SU(3)%XSU(2)xXU(1)
* Glashow 1961; Weinberg 1967; Salam 1967 6’ — The Bad
5 — Majorana mass * Weinberg 1979; Abbott Wise 1980
* Weinberg 1979; Zee, Wilczek 1979 7 — The Ugly
6 = The Good * Lehman 1410.4193; Henning et al.
. I.eung,éov:,kkco ll(i984l'(r Buchu:iulleir iW'¥Ier 1512.03433
I9 7 7 l 7 M 7
R,fiﬁk ;;70 OWSKy ISKTEYRS s 8 = The next level
° Lehman, Martin 1510.00372; Henning et al.
1512.03433
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Vector boson scattering: WW

q

triple quartic gauge coupling
sensitive to new physics

QCD background

CMS SMP-17-004 c. mills (UIC+FNAL) 6



Vector boson scattermg WW

35 9fb 13 TeV

T T T

Data 201

'_% +Data

Signal + total bkg. 205 £ 13 ~ 150 EW WW A

: 0 VT Wz _
Signal 66.9 £ 2.4 = Nonprompt
Total bkg. 138 £ 13 o Others
Nonprompt 88 + 13 L1000 |- g NBkg. unc.
Wz 25.1 + 1.1 RN
QCD WW 48+04 R _
Wy 8.3+ 16 SOF N -
Triboson 5.8+ 0.8 NN
Wrong sign 52+1.1 ol S p—

500 1000 1500 2000
m; (GeV)

« Observed significance 5.5 sigma (5.7 expected)
— Meets the “observation” threshold

e Constrain Quartic coupling and d-8 EFT operators (CMS)
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Vector-boson scattering and EFTs

« Increase acceptance by allowing one W or Z to decay to hadrons

— Branching ratio advantage (decays with e or mu are 22% for W, 6.7% for
Z, vs 67% and 70% to hadrons, respectively)

— Solve for best-guess neutrino momentum in case of leptonic W

— Explicit goal is to search for aQGCs (as dimension-8 EFT operators) by
focusing on high-p; gauge bosons (V)

W.
same-sign and
opposite-sign
WW, and WZ

ZV: WZ and ZZ

CMS SMP-18-006 c. mills (UIC+FNAL) 8



Boosted jet reconstruction

Reconstruct V as a jet with anti-k; distance o\ Ao
parameter 0.8 and pr > 200 GeV

Distinct 2-jet topology with small angular ,

separation rejects background

— 5% probability for QCD jet to pass selection below
— 70% efficient for signal ;

Compute jet mass after running mass-drop SLS
tagger algorithm to remove soft, wide-angle (a)
radiation, require 65 <my, < 105

“N-subjettiness” (https://arxiv.org/abs/1011.2268)
quantifies how well the jet can be described as
having N subjects: require t,/t4 < 0.55

1 .
™~ ==Y premin{ARyk, ARy, -+ ,ARn}
do &

do = ZPT,kRO
k
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https://arxiv.org/abs/1011.2268

Vector-boson scattering and EFTs

« Leading W/Z+jets background estimated using m,, sidebands
— Pair of jets happens to be nearby and have the right invariant mass

« WZ also measured (CMS SMP-18-001)

------ f,/A*=-0.5 TeV*-----

CMS 35.9fb" (13 TeV)
ﬂ 106 ) ! I ’ I T v T T T T T T T
q:) 5 —e— QObserved - V + jets
> 10
(1T I:l Top quark I:l QCD WV
10* ,
g [ JsmeEwwv [ Bkg. uncertainty

CMS SMP-18-006

1 1 1 L I L 1
1000 1500

m,,, (GeV)

o CMS | I |35|.9 fp“ (13 Tev)
‘qc-; 10 —e— Observed - V + jets ‘
I.E 103 \:I Top quark \:’ QCD 2V _

\:‘ SM EW zV I:I Bkg. uncertainty :

...... m,. = 1000 GeV, s, = 0.5

c. mills (UIC+FNAL)

m,, (GeV)

“sensitivity to
new physics is
in the
kinematic tails”

;P —
1, Limit on
0% o fr2/A* is
LE | 1 l +0.28 TeV+
' 512.35 | 2 (WY)
________________________________ 58 e 3.4 TeVA
— 15 8§ ost .. .1 (2V)
2000 2500 2000 2500
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aQGCs with Vgg

« 8 TeV measurement from CMS, dimension 8 EFT

« 2.6 sigma Wryy, observation of Zyy at 5.9 sigma

— Zqgg actually has the larger cross section — but cut on steeply falling p+

distribution

CMS

19.4fb" (8 TeV)

160" W(shv)yy o pata

Events / bin

100~
80—

140+ |:| Prompt diphoton - Misidentified electrons
- Misidentified jets  N\\J Total uncertainty

f
120~ - - -+ Expected, lg =50 TeV™
A

B Wy

30 40 50 60

CMS SMP-15-008

70 80 90 100

Py [GeV]

Channel Measured fiducial cross section

Wyy — eTvyy 4.2 £ 2.0 (stat) £ 1.6 (syst) = 0.1 (lumi) b
Wryy = utvyy 6.0 = 1.8 (stat) 4 2.3 (syst) £ 0.2 (lumi) b
Wy — £Fvyy 49 + 1.4 (stat) = 1.6 (syst) = 0.1 (lumi) tb

Zyy —ete yy 125+ 2.1(stat) £ 2.1 (syst) £ 0.3 (lumi) fb
Zyy — utu vy 12.8 +1.8(stat) £ 1.7 (syst) £ 0.3 (lumi) fb
Zyy — 00 yy 127 £ 1.4(stat) £ 1.8 (syst) £ 0.3 (lumi) fb

Channel Prediction
Wy — (Fvyy 48+0.5fb
Zyy — 0Tl yy 13.0£1.51b
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WWW search from CMS

AL

oy

 Three leptons or two same-
sign leptons plus 2 jets, 2016

dataset

« 0.60 sigma obs, 1.78 exp
« sensitive to quartic gauge

couplings (can’t improve
aTGC limits)

CMS SMP-17-03

A\
A\
A\
CMS 359 (13 TeV)
w 39 | | | | | | | | ]
§ - [ irreducible B charge misassignment - - WWW (stacked) ]
L 30 :_ DLost/three leptons Dy—>lepton + Data

25 . DNonprompt leptons @Total uncertainty

II|IIII|IIII|IIII|I

IIIIIIIIIIIlIIIIlIII

y
X 5

. ei-ei efut  prut ' oetet etut pipt EO SFOS 1 SFOS 2 SFOSI
| <—— m;-in > < m;-out —>;<-Three leptons —»!
’ Signal regions
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The (Standard Model?)
Higgs Boson




SM Higgs Boson Production

Cross sections for | process 13 TeV
mp=125 GeV.: ggF  gluon-gluon fusion 49 pb
13 TeV'is 20 nb) VH associated production 2.3 pb
ttH associated production 0.51 pb
g
g

c. mills (UIC+FNAL) 14



Production mode = categories

Similar across

9 all decay modes 9 Wiz# e H
-
- . H —
q
g = t, b, etc... Wiz

Wh: single charged lepton
Zh: opposite-sign charged
lepton pair, or ETmiss (vs)
9’ Vh (either): high-pt jet pair

ggF: “untagged”, sometimes ISR jet

ttH: usual top-
quark signature,

b-jets and W
q” signature
VBF: energetic jet pair with (charged lepton
large invariant mass and or jet pair)

rapidity separation
c. mills (UIC+FNAL)
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... and decay

Standard Model: wealth of decay modes at my = 125 GeV
Branching ratio = Probability for Higgs boson to decay to given final state

Final state dictates

T, 6.3 experimental considerations:

cc; 2.9 - « ZZ - leptons, statistics
« yy -2 photon calibrations
« WW - backgrounds

WW, 21.5  bb - b-tagging
- 77,26 « 11 - tau identification
bb, 57.7
Yy, 0.2

SM Higgs branching ratios, in %

c. mills (UIC+FNAL)
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H- Z7 - 4¢

. SmaII branching ratio but - (_:MSI Pre{iminTry | |59.7fb" (201|813TeV)
@ . Dat _
best S/B O 1oL éH;gg)z o
« Preliminary full-Run-2 a 120F + mae2Z2r
results from both 5 Bz i
experiments, both with w 100E E
~10% uncertainty on signal g0 } % } -
strength u - ]
— Equal contributions statistical *0 - E
and systematic 40— % i
 Measurement strategy 20 - } { i E
— ;‘I N —
— 2-d fit to m4l and a kinematic - ¢ (3 ¢ AVPRL
discriminant based on the full 0 =0T 100 300 500
matrix element calculation . , m,, (GeV)
(CMS) or neural-net
discriminant output (ATLAS) 2M; threshold
« Key systematic uncertainties z

are from lepton identification
and integrated luminosity

ATLAS-CONF-2019-025 ! ¢t 7 ->4¢
CMS HIG-19-001 c. mills (UIC+FNAL) 17



Reconstructed Event Category

Extended categorization

F-0j -pH-Low F-pH-High
ATLAS Simulation Preliminary w oar-o/ ohrigh =t ver- ' Low
H —s 77* s 4] B ggF-1j-pf-Low [ VBF-p$ High
B goF-1j-pH-Med [ VH-Had
I ooF-1i-p/-High [l VH-Lep
B ooF-2) B ttH+tH

13 TeV, 139 fb’

0j-p*-Low
0j-p-Med

1j -pi'-Low

1j -pi‘-Med

1f -pi'-High

1f -pi'-BSM-Like
2j

2j-BSM-Like
VH-Lep-enriched
0j -pi'-High
ttH-Had-enriched
ttH-Lep-enriched

0 01 02 03 04 05 06 07 08 09 1

Expected Composition

Subdivide categories to enhance sensitivity to BSM physics

"Template cross section” approach categorizes events

— Simpilified fiducial volume, defined at particle level: dressed leptons, jets
clustered from stable particles

ATLAS-CONF-2019-025 c. mills (UIC+FNAL)
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Extended categorization

zz.0/| —a—
ATLAS Preliminary .| 2. i
H— ZZ* — 4] o2 ] e — 1
13 TeV, 139 fb™ ox| . i
Reduced Stage 1.1 - |yH| <25 B R - IV R R - R 2:\‘2/N
—— Observed: Stat+Sys SM Prediction M
[ m] Observed: Stat-Only o-B [fb] (c-B),, [fb]
ggF-0j-p*-Low | » 180+50  176+22 |
ggF-0j-p"-High | u 580+ 100 550+50 |
ggF-1j-p"-Low | . 130+ 80  172+25 |
ggF-1j-pTH-Med B . m 140 + 50 119+19 |
9gF-1j-p#-High | . 21 19.7+41 |
9gF-2j | - 60 + 70 125427 |
ggF-p*-High [~ o 3122 151442 |
VBF-p*-Low = 145" 86.3+ 3.0
VBF-p!-High E : 03" 5.76 + 0.22
VH-Had | . m 6000 3593 |
VH-Lep | —= 22 16570 |
ttH E—m 3 18153 154775
| | | | | | | |

Precision limited by experiment statistics

ATLAS-CONF-2019-025 c. mills (UIC+FNAL)



Differential cross section

Oy (D)

Ratio to NNLOPS

Minimize theory uncertainties, compare to predictions

CMS Preliminary 137.1 b (13 TeV)
i [ [ | [
1 02 ;_ ¢ Data (stat. ® sys. unc.)
E Systematic uncertainty
SN gg—H (NNLOPS + Pythia) + XH
10F G gg—sH (POWHEG + Pythia) + XH
[°°°77] XH=VBF + VH + ttH (POWHEG + Pythia)
’ B Z (LHC HXSWG YR4, m =125.09 GeV)

107" R
1072¢
B | | | |
N N S I A I
1-21"1 """" i % """" NI YZIRXNIV/ .
0.8 AN |T|_ﬁ ....... AW lﬂ ....... N\\NB N7/, ... Z ..............................
O R S
Y S — —
02 _| ............................. || ............................ | .............. l ............ i
0 :

CMS HIG-19-001

BSaSSLL
MNNTY 224

~~ L 77
S s

pT(jet) > 30 GeV, (jet)] < 2.5

L IIIlIlII | lIlIIll 1 lIIIIIII 1 lIlIIlII 1 IlIIIIll 11

c. mills (UIC+FNAL)
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3
2
1
0

CMS Preliminary 137.1 16" (13 TeV)
T T

1
0.8
0.6
0.4
0.2
0
-0.2

T

-0.000 -0.000

—-0.4
-0.6
-0.8
0 1 2 3 24 1
N(jets)

anticorrelation between
adjacent jet bins (of the
result; not the response
matrix)
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H — vy

« (Good photon energy resolution results in narrow mass peak

« Background large but well-understood

> L — T T T T 3

8 50000 ATLAS Prellmma_:y ¢ Data -

g Vs=13TeV, 139 b — Fit -

% 40000 ®%. e Background —

o - 7]

m - 7]
30000/ -
20000 —
1 — =
OOOO: H—yy, m,=125.09 GeV ]

- e e e !

C

>

o

(@)

X

(@]

©

m

©

©

Q

ATLAS-CONF-2019-029

c. mills (UIC+FNAL)

Events/ (0.5 GeV)

50

40

30

20

10

CMS Simulation Preliminary

13 TeV (2017)

T T 1T | T T 1T | T T 1T | T T 1T | T T 1T

IIIIIIII|IIII|IIII|IIII|IIII|III

H—yy 0J Tag0

2]
3
=
o
o
S

Parametric
model

o, = 1.93 GeV

FWHM = 4.20 GeV

Ly b
AT R PR B PR S = ==

115 120 125 130 135

140

m,, (GeV)
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—
Q

1072

Ll 10 LT 1 1 T I T T T T I T 1 T 1 I 1 T 1 T I T T T T I T T 1 T I 1 T 1 LI

> 2 _ 3

3 F ATLAS Preliminary H—yy, Vs=13TeV, 139 fb™

IS ! -¢- Data, tot. unc. " Syst. unc.

B ! == gg—H default MC + XH

2 i B NNLOUET @ SCET NNLO @ N°LL + XH ]
o ]

g == XH = VBF+VH+ttH+bbH

N

—_
8}

o
&)

Ratio to default pred.

”100””150I”

250 300
Pl [GeV]

200

Uncertainties on extrapolation
to fiducial volume (above) and

unfolding (below)

ATLAS-CONF-2019-029

350

fid
T

c. mills (UIC+FNAL)

H - yy, Vs =13 TeV, 139 fo, m,, = 125.09 GeV

ATLAS Preliminary
B Luminosity

{1 @ Correction factor

0110 @ Signal extraction

[ ] @ Statistics

50 100 150 200

250

300 350
P’ [GeV]

= ATLAS Preliminary

= Unfolding systematic uncertainties
— [ Photon energy scale

I © Photon isolation

[ @ Photon identification

TTTT

1 1 T I T 1T 7T I T L I T T 7T I 1 1 T | L I T T T 7T

H — yy,Vs=13TeV, 139 fo'', m,, = 125.09 GeV

300 350
P’ [GeV]
22



H — vy

> [ amas peimnay | 1 % oF
S F.ip (s=13Tev, 13910 S -
2 A " K = 24 £ N
- 1 — S 1.5
>.Q|— ~K.=-19 3 % =
2 - —SMik=1 1~ 1f
o D ¢ ¢ Data i R -
° | T becerieees 1% osb
107" o A
E R R W : bI 0 ;_
- Loy %J B
- - ~0.5
B 1.5F E gy
o -
o |
0.5 | | | | | |
0 20 40 60 80 100 120 140
pl' [GeV]
Observed 95% CL limit Expected 95% CL limit
[—19,24] [—15, 19]
ATLAS-CONF-2019-029 c. mills (UIC+FNAL)

L L B L EL B BN LN
ATLAS Simulation Preliminary

-1
(s=13Tev, 139" __ gy _,

---ggF, k. =24
=== ggF, k. =-19

- CcC—o> H,x.=24
cC— H,k,=-19

1 | 1 1
120

20 40 60 80 100 140

P [GeV]
Charm coupling sensitivity
through loop in ggF or sea-
quark fusion, in a specific
momentum range
(1606.09253)
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Mass of the Higgs boson

« Run 2 measurements starting to improve on Run 1
— Smaller statistical uncertainties

! | | | |

ATLAS ~-Total [ | Stat. only Leading systematics

Run 1: s = 7-8 TeV, 25 fb, Run 2: GT 13 TeV, 36.1 fb Total  (Stat. only) (|V| eV):

Run 1 H—4] b - ' 124.51+0.52 ( + 0.52) GeV

Run1H—yy ' . 1 126.02 +0.51 ( +£0.43) GeV

H - 4¢
Run 2 H—4/ -—-—-I 124.79 + 0.37 ( £ 0.36) GeV e 40
Run 2 H—yy ._._.{ 124.93 + 0.40 ( £ 0.21) GeV H momentum scale
Run 1+2 H—4l ——— 124.71+0.30 ( + 0.30) GeV ele energy scale 26
Run 142 H—yy ————— 125.32 + 0.35 ( £ 0.19) GeV
Run 1Combined —— 125.38 £ 0.41 ( £ 0.37) GeV H _)_ |44 _
Run 2 Combined .—.1—| 124.86 £ 0.27 ( £ 0.18) GeV ECAL non_l_mea_rlty 180
Run 1+2 Combined -——10—- 124.97 £0.24 (+0.16) GeV ECAL C_a“bratlon 170
ATLAS + CMS Run 1 ——s 125.09 + 0.24 ( +0.21) GeV material model 160
| | | | | | | | | | | | | | | | | | | | | l | | | | | | | | | Shower Shape 11 O
123 124 125 126 127 128
m,, [GeV]

no detailed update yet from CMS compared to Run 1
ATLAS HIGG-2016-33 c. mills (UIC+FNAL) 24



The H > WW signature

Y Final-state signature:
W v 2 charged leptons + 2
_H_ . neutrinos
v /(soft)  Off-shell W (my < 2my)
. means one lepton is soft

signal discriminant:

. > T
Transverse mass My Like B of roww o o |-
invariant mass, but drop missing =~ & | = S
p. information E o perew N
' E CTEQ6.6 B
2 2 miss 2 =0l 7y miss 2 e .
MT — (ET +ET ) _(pT +ET ) 0.04f— S
- B
0.02}— i
00N2 =02 2 -
(ET) =(pT) +(m££) On ....................... wn lM
my 7

c. mills (UIC+FNAL) 25



H— WW In practice

peaked signal

other
backgrounds

my distribution in
background-
subtracted data
shows signal yield

1412.8662: ATLAS Run-1 result

ATLASH%WW*

Events / 10§GeV

Events / 10 GeV

150 |
100

50 |

m vy ]

ackground-subtracte

|
LI I
(b) B

MW Higgs

50 100 150 200 250

m+ [GeV]

c. mills (UIC+FNAL)

[ 4) \s=8TeV, 20.3fb™ ]

- \s=7TeV, 4.5fb™ .

L (@) n;<1, ep+ee/uu

B ® Obststat

: Z quisﬂ___
— € M Higgs

i B ww

i O Misid

=

dominant non-
resonant WW
diboson
background

* Qbs:89 T 2011+2012 data

Older plot but the
principles remain the
same

26




New H > WW results

CMS 35.9fb" (13 TeV) CMS Ssimuiation 35.9 fb' (13 TeV)
: HoWW
0-jet DF ggH-tagged L'_ 509.4 events
p=130 : — Combination
1-jet DF ggH- tagged ‘_ 240.3 events
k=129 M
2-jet DF ggH- tagged 1 SM 313.3 events
e I
0-jet SF ggH-tagged 30 TS E 92.7 events
w=175 "% comb
1-jet SK ngztfsggo%? D GE— 103.3 events I
2-jet DF VBF-tagged
w=072 4 ° 5' 31.2 events
2-jet DF VH-tagged § )
w=3.92 71 - 19.6 events
3-lepton WH- taggleg
W=223 |4 5.6 events
d-lepton ZH-tagged . -
w=0.77 112409 -5
| , | | | 1 2. 7 events
-10 1 2 3 4 5 600102030405060708091
6/0g, Signal fraction
u=1287018 — 1.28 +0.10 (stat) £ 0.1 (syst) "3 oy (theo) M ggH
Il VBF
Observed (expected) significance: 9.1c (7.10) =‘ZNHH
— first observation of HWW by CMS M bbH
ttH

CMS HIG-16-042 c. mills (UIC+FNAL) 27



H — WW: all about the backgrounds

Zoom in on one more and less sensitive category

CMS 35.9 fb' (13 TeV) CMS 3591 (13 TeV) CMS 35.9 fo' (13 TeV)
= E 1 T — T T T T T 3 < F~ 1 T 1 T 1 " 1 "3 = = — T T T T T T T T T T T T ]
> 90 ;_ tW and tt ww _; > F tW and tt ww = > - Nonprompt ww ]
8, gof g Nonprame — E R — 12 s00f Emww =y 3
= i vy 3 = 70 mmwy vy 4 € - Ehzz wz ]

70 [ Higgs —+— Data — S F [ Higgs —+— Data i = - [_]Higgs —+— Data =
° - [ZZ7 Systematic uncertainty = E 60F 777) Systematic uncertainty ] Q 250- [777] Systematic uncertainty -
Z; 60E- = Zg = F 0 . t 1 =Z o ]
© E 1 © = =-lety © ul 3
, ggF THets © m WH3I -
o — E 20F- S— E e E
o . S e, N e S S S o o S S = . .
@ 4 = o 14 F = o T =
g 12 | s . g 12 F 3 g 14 Z
ks 1B 2 2 3 2 16 P Sssssimmmm St Py E é}_ 1.21 7
s 08 E ' - T & JF ;
S o6 F , , , , 8 o6 E , , . L g 08 E A
20 40 60 80 60 80 100 120 140 o 06 5 ;1
m, [GeV] my [GeV] min AR
|

« Two opposite-sign charged leptons « All 3 Ws in final state

. 13 ”»
otherwise “untagged decay to leptons

CMS HIG-16-042 c. mills (UIC+FNAL) 28



ldentifying b-quark jets

« Identify jets originating from b- quark by long lifetime of B hadrons

YT LHC beams

orthogonal
to the screen
| |

ixel vertex deie

/ | “‘,‘\7
‘\“\\\ ¢
2

N O

Oxy ~ 20 MM
o,~ 20-100 um

Secondary vertices
reconstructed within

jets

Double tagged event (data)

»
Ll

A

Few mm
« For Hto bb, typically 70% b-tagging efficiency
c. mills (UIC+FNAL) 29



ATLAS H — bb observation

0 lepton
(Z - vv)

1 lepton

(W - #v)

2 lepton
(Z - 20

?=¢e,u

3det

"_’ T T T T T T T T T

s el = \DII:hH bb (1=1.16

P 5=13Tev, 798 0" = D"m; = )

S 0 lepton, 2 jets, 2 b-tags &

o pY =150 GoV 1 Single top E
I W+jets
B Z+jets
Uncertainty

«+ee Pre-fit background —
—— VH, H - bb x 10

@ T T T T
g ATLAS + s:hH bb (1=1.16 ]
> 5=13Tev, 798" - = b (4=1.16)
2z [ Diboson 3
S 0 lepton, 3 jets, 2 b-tags &
@ py =150 GeV I Single top

B W+jets

B Z+jets

Uncertainty 3
«ses Pre-fit background
——VH, H - bb x50

s 15 FT T T T T T T T ™ o 15 FT T T T T T T T g
é 1 +—v—uw4——v— g S§ § [l e e SRR SIS S
@05 Bl 1 1 1 1 = @05 Bl 1 1 L L (=
O 1 08-06-04-02 0 02 04 06 08 1 B 1 08-06-04-02 0 02 04 06 08 1
BDT,,, output BDT,,, output
) s T T T T T T T T ] @™ T T T T T T T T
S 10 E ATLAS o Data » E pt ATLAS o Data 3
P E fs=13Tev, 798" =::L°::n b (:=116) 3 3 P 5=13TeV, 798" =;:n'1°: BB (u=1. 16) 3
§ L. 1lepton, 2 jets, 2 b-tags & § 1 lepton, 3 jets, 2 b-tags
@O 4otk PY = 150Gev I Single top - w py =150 Gev | Slnglo top _
E Multijet E Multijet
B W+jets B W+jets
W Z+jets I Z+jets _
Uncertainty Uncertainty 3
10° <ev Prefit background "3 «e Pre-fit background 3

— VH, H - bb x 20

—VH,H —bb x100

-1 -08 06-04 02 0 02 04 06 08 1
BDT,,, output

—e-Data 2
I VH, H - bb (u=1. 15)
) Diboson 3
2 leptons, 2 jets, 2 b-tags B Z+jots

p: = 150 GeV t

I Single top
Uncertainty 3
«+s+ Pre-fit background 3
——VH, H - bb x10

ATLAS
fs=13Tev, 798"

Events/ 0.13

oty

-1 —08-06-04 -02 0 02 04 06 08
BDT,,, output

ATLAS HIGG-2018-04

gIsFTT T T T T T T T gIspTT T T T T T T T

% 1 foe—e—e—t—e gt g TR oS % 1 O g SEOS
© 0.5 Bl 1 1 1 1 1 I I 1 ® 05 Bt 1 1 1 1 I I I |

(=] (=]

-1 08 06-04 02 0 02 04 06 08 1
BDT,,, output

—e- Data

ATLAS I VH, H > bb (x=1.16)
" . , H — bb (u=1.
s =13 Tev, 79.8 0 [ Diboson

10* - 2 leptons, = 3 jets, 2 b-tags B Z+jots
pY =150 Gov tt
I Single top
Uncertainty
s+« Pre-fit background
— VH,H - bb x 20

Events / 0.13

o

T 05 Bl 1 1 1 1 1 1 1 1

O 1 08-06-04-02 0 02 04 06 08 1
BDT,,, output

« 2016+2017 data (Aug. ‘18)

« Categorize by number of jets,
leptons: different background
composition and S/B

« BDT including m,, and AR(bb)
as discriminating variables

—e— Data
I VH, H — bb (u=1.16)
[ Diboson
tt
[ Single top
Bl W+jets
B Z+jets
Uncertainty
«««= Pre-fit background
— VH,H - bb x scale

best S/B, 0.017
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ATLAS H — bb

« Associated production has the
greatest precision (contrast to

diboson channels)

SR

o 10°E atLas

£ - Vs=13TeV,79.8 1"
4 SLeo—

o 10°g

-o- Data _

B VH,H — bb (u=1.16)
tt

i Single top

I Z+jets
Multijet

I W+jets

i Diboson

VBF+ggF

ttH

Pull (stat.)

VH

ATLAS HIGG-2018-04

Comb.

Observed (expected)
significance

VH: 4.8 (4.9)

Run 1+ Run 2 all: 5.6 (5.5)

c. mills (UIC+FNAL)

T T T T | T T T T l T T T T | T T T T | T T T T | T T T T I T T T T
ATLAS H—bb \s=7TeV, 8 TeV, and 13 TeV
Total Stat 4.7 b1 20.3 b, and 24.5-79.8 fb™
— Tota - Stat.
Tot. ( Stat., Syst.)
+1.16 +1.01 +0.57
o 1.68 1.12 (—1.00 » —0.51 )
+0.56 +0.28  +0.48
————i 1.00 )5, (927 046 )
+0.22 +0.14  +0.17
& 0.98 "5 (Zo145 016 )
+0.20 +0.12  +0.16
Lo 1.01 7% (50425 015 )
1 1 1 1 1 1 1 1 | 1 | 1 | | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 | 1 |
2 3 4 5 6 7

1l

H—bb
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ATLAS H — bb

Source of uncertainty Oy
Total 0.259
Statistical 0.161
Systematic 0.203
Experimental uncertainties
Jets 0.035
Efrmss 0.014
Leptons 0.009
b-jets 0.061
b-tagging c-jets 0.042
light-flavour jets  0.009
|_extrapolation 0.008
Pile-up 0.007
Luminosity 0.023
Theoretical and modelling uncertainties
Signal 0.094
Floating normalisations 0.035
Z + jets 0.055
W + jets 0.060
tt 0.050
Single top quark 0.028
Diboson 0.054
Multi-jet 0.005
MC statistical 0.070

Observed (expected)
significance

per-jet

2%
10%
40%

VBF+ggF

ttH

VH

Comb.

VH: 4.8 (4.9)
Run 1+ Run 2 all: 5.6 (5.5)

T T T T | T T T T | T T T T I T T T T | T T T T | T T T T | T T T T
ATLAS H—bb \s=7TeV, 8 TeV, and 13 TeV
Total Stat 4.7 fb" 20.3fb" and 24.5-79.8 b
—Tota at.
Tot. ( Stat., Syst.)
+1.16 +1.01  +0.57
F ® -1 1.68 -1.12 (—1.00 » —0.51 )
+0.56 +0.28  +0.48
- — 1.00 )5, (927 046 )
+0.22 +0.14  +0.17
Ko 0.98 _0.21 (4).14 » -0.16 )
+0.20 +0.12  +0.16
Ko 1.01 7% (50425 015 )
1 1 1 1 1 | 1 1 | | | 1 | | 1 1 1 1 | 1 1 1 1 | 1 1 1 | | 1 | | |

0 1 2 3 4 5 6 7

u

H—bb
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CMS H — bb observation

Entries

Obs / Bkg

CMS HIG-18-016

2016+2017 data (released August
2018), combined with Run 1

Categories similar to ATLAS

DNN to extract maximum amount
of information from events

413" (13 TeV)

10° -
CMS ¢ Data I ggZHbb
Supplementary Il ZHob [IVV+HF
10° F 2w Highp_, []z+bb [z+b
[ Z+udscg B
B VV+LF [l single top

10* C
%% S+B uncertainty — VH,H—bb

0 0.2 0.4 0.6 0.8 1
DNN output

S/(S+B) weighted entries

Channel Significance
Exp. Obs.
VBF+ggF 0.9 1.5
ttH 1.9 1.9
VH 51 49

H — bb combination 5.5 5.4

77.217" (13 TeV)
- CMS ¢ Data
i B vH.H-bb
[ ]vz.z-bb
1000 F77] s+B uncertainty
500 -
0
P T S I T S NN (N SO SO TR AN SO T S E R S

60 80 100 120 140 160

m(jj) [GeV]
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2nd generation: charm and p

« CMS result, 2016 data, resolved and boosted charm Vh production

CMS Preliminary

3591 (13 TeV) o CMS Simulation Preliminary 2016 (13TeV)

1.0
oL
Exp.=79xSM
Obs.=83xSM
1L
Exp.=72xSM 3 o
Obs.=110xSM 5 o
.6 qc)
B 40" 2
2L Kol [}
Exp.=57xSM - _.0_5
Obs.=93xSM 8’ =
-g o
Combinati —e— Observed VH(H — ce)
Exorrl37|:lsa'\;|0n _____ Median expected ;Worklng Point
Ob’:_:70><SM [ 68% expected :
’ [ 95% expected 0.2
I ! i 0.
0 50 100 150 200 e : S
95% CL upper limit on u(VH,H—cc) 10° 10"

b jet efficiency

Table 5: 95% CL upper limits for the VH (H — ¢C) process, for the resolved-jet analysis for
pr(V) < 300 GeV, the merged-jet analysis for pp(V) > 300GeV, and their combination.

95% CL exclusion limit

resolved-jet merged-jet combination
(pr(V) < 300GeV) (pr(V) >300GeV) | OL 1L 2L All channels
expected 45118 7375 79752 72731 57D 37+1%
observed 86 75 83 110 93 70

CMS HIG-18-031 c. mills (UIC+FNAL)



Beyond the Standard Model
Higgs Boson




More Higgs bosons?

« Q: Why would there be one or more high-mass copies of our
friend at 125 GeV?

« A: Predicted by well-motivated models which solve other problems

— Supersymmetry
= “stabilizes” my, gives a dark matter candidate
— Two-higgs-doublet model

— Type Il Seesaw models predict a Higgs triplet
= “Natural” mechanism for light neutrino masses

— All of the above allow additional CP violation compared to the SM
(quark mixing) = baryogenesis

« A’ Why not?
— Nature seems to like copies (leptons, quarks)
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The (cp vioaion in e WOrld 1s not enough

Sakharov conditions for matter to arise from a matter-antimatter

symmetric initial state (baryogenesis)

1.

Baryon-number violation

=  Physical mechanism to change number of baryons (B —>F)
=  Nonperturbative solution to SM equations: SPHALERON

Interactions out of thermal equilibrium
= First-order electroweak phase transition
=  Drives the process

C and CP Violation
= QOtherwise B - B and B — B at the same rate

Standard Model accommodates baryogenesis, almost

— CP violation observed in quark sector not nearly enough

—  Where can we find more? An extended Higgs sector!
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Not a copy of h[125]

Direct and indirect constraints seriously constrain the more
obvious possibilities

Motivation for additional scalars still strong > how to proceed?

Focus on decay modes not open for h[125]:

— cascades
— H/A — t-tbar

More exotic models (triplets)
(Influenced by discussion in N. Craig et al, 1504.04630)

c. mills (UIC+FNAL)
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H—> ZA

« CMS 2016 dataset search

« rho ellipse captures correlation between mjj and milljj because of jet
energy resolution, as a function of particle masses

..|||||||||‘|H

\

|!r..

CMS Preliminary Simulation
600}
550}
500}
—~
>
()]
O 450
N—
5
£ 4001 p=05
p=10
350} p=15
i — p=25
300 B
25080130 180 230 280 330 380 4
mj; (GeV)

CMS HIG-18-012

ST HHH WHI
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Events / 0.50 GeV

Data / MC
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CMS Preliminary 35.9fb" (13 TeV)
T T T T I T T T T T T T l T T T T

[T T T —

pp channel ¢ Data I Drell-Yan—
— 2HDM (609,505) |l :

Uncertainty I Single top

VW(V) ]

Others
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H—> ZA

1000 CMS: Preliminary : : CMS Prellmlnary

Type Il - 2HDM - ---- Exp. excl. Typell - 2HDM
: my = 37QGeV mp= 17ZGeV

---- Exp. excl.
—— Obs. excl.
+ 1 std. dev.
+ 2 std.dev.

tanf

B + 1 std. dev.

h - ) 1014 ------------ ------------- -------- ----
800§ + 2 std. dev. 5

700 o e T
0l Al S S
L | A e e
1001 g S S S 2 X s s
4004 Y S A— J—— SR— | | | | |

w0l /S A —

200 1 A G

200 400 600 800 10c 107*

-1.00 075 050 025 OOO 025 050 075 1.00
ma (GeV)

cos(B—-a)
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H/A — ttbar

Signal and background interfere - not a bump hunt but a wiggle hunt

9 g

t t

background: _ H, A

signal: -
g t g t
3
>8i<:lq"|""|""|""|""|'=: x10°
3 :!§+I ATLAS Simulation . > 6F gms T T T
g 6:- \s =8 TeV, 20.3 fb - S5 5FE — Sl f\TLASSlmuIa’uon_1 3
— 4F Parton level; before selection ] o 4E \s=8TeV,20.31b 3
~ C m, = 500 GeV, tanp = 0.68 \E Parton level; before selection 3
2 of E % 3F my, = 500 GeV, tanp = 0.70
o S 2F
w Of e ik E
5 ] T E
—2F E OF E
: pseudoscalar E E
N N3 scalar :
300 400 500000 700 890 300 400 500 600 700 800
m, [GeV]

m, [GeV]
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https://arxiv.org/abs/1707.06025

H/A — ttbar

> 5 —tr r - 1 1 1 T 1 N L

& 10°E ATLAS ¢ Data2012 =
o - e ¢ e ° Is=8TeV,20.31b" SM tt —
ﬂ- — —
S 10 ®e, Lepton+jets SM Wijets =
qc) = o All signal regions - Other SM =
i 103 = Uncertainty =
10% &= ° —
10 = ] " (- =

O) I T T T I T T
B 11 Ma = 500 GeV, tanp = 0.68 _
— Tk — A tt(S+I)x4  --- Hott(S+I)x4 .
s - e - -- Pre-fit background -
®© B : T
D | LN . .- - ' —
1 00  |eue O et * =

N T I N R SR R
400 600 800 1000 1200 1400 1600
me= [GeV]

m = 500 GeV

1707.06025

Just starting to dip into relevant parameter space
Exclude tan 3 < 0.85 for my = 500 GeV
Exclude tan 3 < 0.45 for my = 500 GeV

c. mills (UIC+FNAL)
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https://arxiv.org/abs/1707.06025

H/A — ttbar

/s =8TeV, 20.3 fb~1, all limits at 95% CL V/s=8TeV, 20.3 fb~1, all limits at 95% CL
—— Obs. ==== Exp. +10/20 e Signal Samples —— Obs. ==== Exp. +10/20 e Signal Samples

20 ) I [ I

1
500 550 600 650 700 75 500 550 600 650 700 750
my [GeV] ma = My [GeV]

CMS Preliminary 35.9fb~! (13 TeV)

« Starting to dip into relevant parameter Qf’ 95% CL exclusion:
c Observed 95% expected
Space 2 4 T Expected 68% exgected
« Exclude tan 3 < 1.0 for my = 500 GeV
or my = 500 GeV 3
« |If H, A masses degenerate, limit is
stronger 2
« New CMS result at 13 TeV
CMS-PAS-HIG-17-027 1
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Charged Higgs bosons

q

« The semileptonic vector-
boson scattering analysis
can also be interpreted as
a search for singly- and
doubly-charged Higgs

CMS 35.9fb" (13 TeV) ] CMS 35.9fb" (13 TeV)
L R L L B r e
10° —— Observed J » 0.9 Observed _%
E e Expected . ~ Expected E
- ] [ ] 68% expected
- 68% expected | 0.7 E_ [ ]95% expected _E
102 [ ] 95% expected 0.65 (Hy/m(H) > 0.1 -

T T T TTTTT
1 IIIIIII|

Sygr (H) x B(HE — W*WF) (fb)

10 > 0.3F
-HSW W Saq'v 0.2
I i 0.1
1 ! | | | . | . . | | | L L - | | L | | | | | | . | | |
1000 1500 2000 1000 1500 2000
m(H) (GeV) m(H,) (GeV)

CMS SMP-18-006 c. mills (UIC+FNAL)
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Conclusions

« Rich program in Higgs and electroweak physics at the LHC
— Did not cover ttH, H —»tt, or di-Higgs (Higgs potential or 2-body
resonance search)
« Detailed understanding of detector performance is key to maximizing
sensitivity

High-luminosity LHC — and run 3 — will clarify the picture significantly

LHC / HL'L IL; HL-iLHC PREJTEgri i

LHC

HL-LHC
| | Run 3 Run4-5
14 Tev 14 Tov
13 TeV —— 1 C (] Y
splice consolidation e 2(;?Tu7ngl
imit -
7 TeV 8 TeV button collimators TDIS absorber gly:t‘amm HL-LWC luminosity
— R2E project 117 dipole & collimator egions installation
Civil Eng. P1-P5 ﬁ‘
ATLAS - CMS adiation
experiment upgrade phase 1 damage ATLAS -CMS
beam pipes 2 x nom. luminosity 2.5 x nominal luminosity F upgrade phase 2
m::',,t nominal luminasity e ——] ALICE - LHCb p— {
luminosity /_ upgrade
— . Int ted
EXS 150 b 300 b 3000 1" [
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The dataset and pileup

100
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The kappa model

Simple scaling of production @A@
Hggr X _
and decay modes for vector (By = 77+ Br - gg)(3) (BHeVV@

boson (ky) and fermions (k) @
valid at LO only % By 17+ B oo X2yt (Ba e
¢ H — —
7 NN j

. Y Y
9 ¢q”ar S ~75% ~25%
H— -_—
"4
g K2

Partial width scales
W|th (KVZ)

Branching ratio is the partial width divided
by the total width, which appears in the
denominator above

c. mills (UIC+FNAL) 48



Global EW fits and BSM

« Constrain BSM physics through expected interaction with known
particles

« 2HDM fit including EW precision, direct h[125] measurements, muon
anomalous magnetic moment, and flavor observables

— Higgs coupling constrains [ — «a, leading to strong alignment (small mass
splitting) of charged H with either H or A

Two-Hig_gs Doublet Model, Type | Two-Hig_qs Doublet Model, Type Il
_IIlII IIIIIIII T I_III "]']I'lll].lllllllll'l

sl 1000 T T [rrrrprr ;I 1000 T | L L
3 - 68% ancL 95% CL allowed regi 3 - 68% and 95% CL allowed regions -
O, 900 ©. 900 =
E< C E< - 3
800 — 800 — —
= M, = . =
700 |— 3 700 [ —
C - - 1-sided test 3
600 — — 600 :T — 2-sided test .
500 M, = : 500 - =
400 = 400 Ne=2 . E
300 = : =
M, = 3 300 = 95% CL by ' : ]
= = flavour+EW : : J
200 = 200 - measurements ! ' ‘ =
1 l 11 1 | l 11 1 | 11 1 I 1 1 | I 1 h— : |} l | S | I llllll ‘|I IIIII Iu I L1 1 1 I 11l 1 I | - I L1 1| :
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