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The situation before the LHC
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The situation before the LHC
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The situation before the LHC
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LEP 2/Tevatron/V precision measurements

= light SM Higgs boson was strongly favored...but excluded!?
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Tevatron Run 2 Preliminary, L=2.0-5.4 fb
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Tevatron reached 95% CL exclusion in 2009 - but could
it see the SM Higgs before the LHC?
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Tevatron Run 2 Preliminary, L=2.0-5.4 fb
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Tevatron reached 95% CL exclusion in 2009 - but could
it see the SM Higgs before the LHC?
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Tevatron Run 2 Preliminary, L=2.0-5.4 fb
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The situation before the LHC

Tevatron Run 2 Preliminary, L=2.0-5.4 fb
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Tevatron reached 95% CL exclusion in 2009 - but could
it see the SM Higgs before the LHC?



Meanwhile, back in Geneva
construction continued....
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The situation before the LHC
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The situation before the LHC

Tevatron Run Il Preliminary, L <10 fb™
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By early 2012 the Tevatron had excluded 147-178 GeV...and had
an excess in the 120-130 GeV range!



LHC SM Higgs Production
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SM Higgs production, LHC
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LHC SM Higgs Production
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LHC SM Higgs Production
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Couplings
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SM Higgs Branching Ratios



Couplings

H—YY
e Small branching ratio: 1/500

® Excellent em calorimeter resolution
leads to a sharp mass peak

® | arge background from fake photons

e Cannot model background well so need to use
analytic functional forms

® Sensitive to new physics

® Most sensitive channel overall!



Couplings

H—YY
e Small branching ratio: 1/500

® Excellent em calorimeter resolution
leads to a sharp mass peak

® | arge background from fake photons

e Cannot model background well so need to use
analytic functional forms

® Sensitive to new physics

® Most sensitive channel overall!

How do CMS and ATLAS achieve sensitivity!?



Couplings
Electromagnetic Resolution

* lead tungstate crystals * liquid argon/lead
* projective geometry * spatial sampling
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CMS ATLAS

CMS,ATLAS e.m. calorimeters: order of magnitude
better resolution than Tevatron experiments

EM resolution
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July 2012
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At the time of the discovery the YY signal was clear

Bosonic Couplings
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S/(S+B) weighted events / GeV
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Couplings

® Branching ratio ~3%

® Demand each Z decays to ee or pypu: this brings an
additional reduction of 0.0682

® One Z on shell, other Z off shell

¢ Invariant mass of all four leptons has very good
resolution

® Background is minor

Bosonic Couplings



CMS Experiment at the LHC, CERN

Data recorded: 2011-May-25 08:00:19.229673 GMT(10:00:19 CEST)
Run/Event 165633 /394010457
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() CERN 2011. Al rights reserved http:ffiguana.cem chiispy
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CMS Preliminary
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CMS Preliminary fs=7TeV,L=5.05fb";ys=8TeV,L=5.26fb"
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Couplings

H—=WW*
® Branching ratio ~20%

¢ Two main modes: & & and & qq’ (high mass)

® One W on shell, other W off shell

® Missing neutrinos preclude this mode for H mass

Bosonic Couplings



Couplings

H—=WW#
(fuII Run 1 data set)
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Higgs Couplings to Fermions

e Strongest coupling (obviously) is to tt but the Higgs boson
cannot decay to top pairs directly

e Next strongest is to bb - this is the dominant branching
fraction of the Higgs boson at ~70%

® Coupling to TT gives a ~7% branching fraction and was the
first to be observed

® Coupling to cc gives a ~3% branching fraction but this is
experimentally challenging - need e*e- collider

® Muon pair coupling is suppressed; 2x10-4 branching fraction

Fermionic Couplings



Couplings

tau decays

® 35% of the time taus decay e VvV 0.178
semileptonically, 65% hadronically Vv 0.174
® reconstruction and identification of h-v 0.49
hadronic tau decays (“tn") in ATLAS -V 0.11
and CMS is well advanced K-V 0.007
® dedicated triggers for Tnh p-V 0.254
e H- T final states: hhhv 0.15

® eTh UT . .
h HTh missing neutrinos!

® ThTh *add missing pt

* complicates TT mass
® el__|

Fermionic Couplings




Couplings

CMS and ATLAS have developed powerful multivariate tools to
reconstruct tau pair invariant mass: key to sensitivity

CMS, 19.7 fb™ at 8 TeV
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Couplings

e Analyses utilize multiple final state categories in terms of additional
jets and Higgs pr to optimize sensitivity

¢ By demanding two forward tagging jets, can be sensitive to VBF
production: simultaneous measure of Ky and Kr

7 35.9fb" (13 TeV) 35.9 fb™ (13 TeV)
%) 1 0 T T T 1T T T T ; b 2 C
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Fermionic Couplings



Couplings

® Analyses utilize multiple final state categories in terms of additional
jets and Higgs pr to optimize sensitivity

¢ By demanding two forward tagging jets, can be sensitive to VBF
production: simultaneous measure of Ky and Kr
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Couplings

® Analyses utilize multiple final state categories in terms of additional
jets and Higgs pr to optimize sensitivity

¢ By demanding two forward tagging jets, can be sensitive to VBF
production: simultaneous measure of Ky and Kr

UL L L L L L I L L L B —_ : —
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- - ---68%C.L
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Couplings

H—bb at Tevatron

® As of Higgs discovery in 2012, strongest evidence (3.20) for
H—bb came from the Tevatron experiments, which can utilize
the VH production modes: leptonic tags

‘“g ~ Tevatron Run Il, L_ <10 fb’
3 800~ 1+2 b-Tagged Jets
O -
%600_— —4— Data — Bkgd
£ B wz
2 400 [z
L - I Higgs Signal
i m,=125 GeV/c?
200
0F _+_+—#=.,_,.=¢=._.=__..
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Fermionic Couplings

This result used 10 fb-1
of integrated luminosity,
combining CDF and DO

Observed significance
was 3.00



H—bb at LHC

e Huge background from QCD bb production
e \/H production at LHC suppressed relative to gg mode

= need more data relative to other final state

0 lepton | lepton 2 lepton

Fermionic Couplings
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CMS results from last
year: 3.80

Ubb = 1.06+0:31 5 9

New results from ATLAS
and CMS!

See C. Vernieri talk this
afternoon!
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Htt coupling

® to see the Htt coupling we look for Higgs bosons produced in
association with a top quark pair

= can utilize all Higgs decay modes; very busy events!

Analyses focus on tt
decays to dvjjbb + H

H decays to
hadrons, photons,
or leptons

| Category | Signature | Trigger | Signature
Lepton + Jets Single Lepton | 1e/u, pr > 30GeV
H — Hadrons | (ttH — (vjjbbbb) >4 jets + >2 b-tags, pt > 30 GeV
H — bb Dilepton Dilepton le/u, pr > 20GeV
H— 54,1 (ttH — (v{vbbbb) le/u, pr > 10GeV
H—- WW >3 jets + >2 b-tags, pt > 30 GeV
Hadronic T Single Lepton | 1e/u, pr > 30GeV
(ttH — v, [v]m [v]jjbb) 2 T, pr > 20 GeV
>2 jets + 1-2 b-tags, pt > 30 GeV
Leptonic Diphoton 29, pr > My /2(25) GeV for 15 (279)
H — Photons | (ttH — Zvjjbbyy, >1e/u, pr > 20GeV
H— vy ttH — fvlvbbyy) >2jets + >1b-tags, pr > 25GeV
Hadronic Diphoton 27, pr > My /2(25) GeV for 15 (2n9)
(ttH — jjjjbbyy) 0e/p, pr > 20GeV
>4 jets + >1b-tags, pt > 25 GeV
Same-Sign Dilepton Dilepton 2e/u, pr > 20GeV
H — Leptons | (ttH — (=v/*[v]jjj[j]bb) >4jets + >1b-tags, pr > 25GeV
H—- WW 3 Lepton Dilepton, le/u, pr > 20GeV
H— 1t (ttH — fvl[v]¢[vlj[jbb) | Trielectron le/u, pr > 10GeV
H—Z7Z 1e(u), pr > 7(5) GeV
>2jets + >1b-tags, pt > 25 GeV
4 Lepton Dilepton, le/u, pr > 20GeV
(ttH — fvlvl[v]Lv]bb) | Trielectron le/u, pr > 10GeV
2e(u), pr > 7(5) GeV
>2 jets + >1b-tags, pt > 25GeV

Fermionic Couplings




Htt coupling

CMS run 1 result:

CMS Vs=7TeV,5.0-5.1 fb"; V\s=8TeV, 19.3-19.7 fb"

- F _ — '
c 8 ttH, H — bb, tt,yy, WW, ZZ
— + — QObserved
=28 +1.0 a | m,, = 125.6 GeV ,
HeH = £.0 _ 0.9 o 7 o 2O /! ---Expected
- ttH 09 N
6
CMS \s=7TeV,5.0-51fb"; {s=8TeV, 19.3-19.7 fb" -
YY —— 5:—
bb [~ —— 4:_
Thth — | E
. 3__
4l — )
3+ S 2r
Same-Sign 2| — —a— 15
Combination (— . -
o ad v e v by s b b b b s by by v v Ly I~
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Best fit o/og,, at m; = 125.6 GeV

Fermionic Couplings



Htt coupling

ATLAS Run 2 (2016)

ATLAS Vs=13 TeV, 36.1 fb’
IJttH — |6 :I-gi — Tot. --- Stat. Tot. ( Stat., Syst.)
2£08S + 1Tha PO B 1.7 23 (52, O
1£ 4 2T g | b+ @ e 0.6 72 (Fhgs 1Y)
4 PR _05 +1.3 +1.3, J_r0.2
ATLAS and CMS now | .l "V 1o0 Te i G
have results based 2/SS + 1Tha bo-end 3507 (13, 12)
on ~80 fb-! 3¢ o 1.8 707 (06 7035)
2¢SS oH 1.5 0% (34, 702)
combined | o4 1.6 0% (55, 03)
See Caterina’s talk! > 0 2 4 6 8 10 12

Best-fit M for m =125 GeV

Fermionic Couplings



e | HC sensitivity to H—=pp is approaching

® CMS result with 2016 data only shows mild rise consistent
with SM expectations...stay tuned for Run 3

35.9 fo' (13 TeV)

CMS preliminary 35.9 fb (13TeV)

> [
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Fermionic Couplings



Couplings

e as of the end of Run 1,

“
5 .
ATLAS and CMS had e > 107"

established that the
couplings are consistent
with those of the SM Higgs

¢ the era of precision Higgs
physics has begun

e See C. Vernieri talk this
afternoon for the latest
Run 2 updates

1072

107°F

1074

- LHC Run 1

- ATLAS and CMS

¢ ATLAS+CMS ]
....... SM Higgs boson
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LHC Run 1 Couplings
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Y weights / GeV

Y weights - fitted bkg
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® the best resolution on the Higgs boson mass comes from the two
main discovery modes, H—=yy and H—=ZZ*—4(
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Mass/Width

e the best resolution on the Higgs boson mass comes from the two
main discovery modes, H—=yy and H—=ZZ7*—4/

19.7 fo' (8 TeV) + 5.1 b (7 TeV)

B component subtracted
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Mass/Width

e (CMS and ATLAS combined all the mass data from Run 1 and
arrived at a consistent picture
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SM Higgs mass



Mass/Width

e In the SM, the Higgs boson width is expected to be 4.15 MeV
® Far too narrow to measure directly due to resolution!

e However gg—H can be sensitive to the Higgs width

t * 00000 ~_ t
g e /. g i /.
tyr > ta2 >
g t 7 £.00000 " 7

2 2 5
on-shell N 8ee18HZZ Coftshell SaeH8Hz7
gg—H—77* mHI-.H gg—H* =77 (zmz)z

= Measure the ratio of on-shell to off-shell

cross sections to constrain Higgs width

SM Higgs width



Mass/Width

® (Can also do similar
measurement in WW(*)
final states

CMS 19.7 fb" (8 TeV) + 5.1 fo'' (7 TeV)
% 60__I | | IIIIIIII I | IlDla.;al. I | L | 1T 17T . Can aISO use ZQV Channel
g B 199+VV —» Z2Z
T 50F ® CMS Run 1 result:
(D -
G a0l | ) g Mh < 22 MeV at 95% CL

30
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110 120 130 140 150
m,, (GeV)

" e ATLAS Run 1 result:

III|IIII|IIII|IIII|IIII|IIII|—I_

[H < 22.7 MeV at 95% CL
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SM Higgs width



Spin/Parity

e The SM Higgs boson is a

scalar with even parity: f
JP = QO+ p

¢ The Higgs decays to vy ! 9
77, WW* can be used to _2(Q) , H» I P AT
probe this £'2(q)

e In H—=ZZ*—4¢ we can

measure a 5-D angular
distribution

spin/parity angles



Spin/Parity
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spin/parity variables

S. Bolognesi et al. Phys.Rev. D86 (2012) 09503 |



Spin/Parity

e Form ratio of likelihoods for alternative and SM hypothesis (0+)

e Compare observed likelihood ratio to expected distributions under
each alternative hypothesis

S. Bolognesi et al. Phys.Rev. D86 (2012) 09503 |

spin/parity variables



pseudo experiments

Spin/Parity

With data from Run 1 CMS was able to exclude a wide range of
alternative hypotheses at > 99% CL

0.1

0.08

0.06

0.04

0.02

CMS

Vs=7TeV,L=5.11f5" \s=8TeV,L=19.7 fg'

IIII|IIII|IIII|IIII|IIII.|.

— CMS data

— | 1 | I | 1 | | | | | | | | 1 | 1 1 1 | 1 |

I B 2T

10 20 30
'2 X |n(L0- /£0+)

CMS

19.7fb™" (8 TeV) + 5.1 fb' (7 TeV

~

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

— Observed

Pseudoexperiments

99 = X(2") = ZZ + WW + vy
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Spin/Parity

ATLAS as well did an exhaustive search using a matrix element
likelihood analysis (MELA) with similar conclusions
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spin/parity variables



LHC Higgs so far...

There exists a boson consistent with |? = 0*

with mass ~125 GeV and couplings to fermions and vector
bosons consistent with this predicted in the standard model

® But such a Higgs boson might not be the only one!
¢ the SM has minimal Higgs content
® can be more Higgs doublets, as in supersymmetry

e the light Higgs scalar in MSSM could be very SM-like

Run | legacy



BSM Higgs

SM Higgs suffers hierarchy problem
= Higgs sector is more complicated?
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BSM Higgs

SM Higgs suffers hierarchy problem
= Higgs sector is more complicated?

MSSM: minimal supersymmetric model greatly reduces
hierarchy problem (scalars cancel fermion loops)

MSSM: Type-Il two-Higgs doublet models

- one doublet gives mass to up type quarks
- other doublet gives mass to down-type quarks/leptons

Five Higss bosons, masses governed by ma, tanf3

MSSM



BSM Higgs

MSSM a no-lose situation:
must be a light scalar h

oA Even more striking the mass

=100 | %m | of the light scalar ~120 GeV
50 | tanf=2 h ]

0 20 100 B0 200 250 300
m, (GeV/c?)

__H — A, H, HE
)]
¢

- A, H:I:

low m(A) high m(A)

MINIM
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MSSM a no-lose situation:
must be a light scalar h

oA 1 Even more striking the mass
S0t %ﬂ) | of the light scalar ~120 GeV
50 L tanf=2 h i
H/A/H* nearly equal mass

0 50 100 B0 200 250 300

o (Gev/ed when ma large
__H —A H H*
0
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BSM Higgs

MSSM a no-lose situation:
must be a light scalar h

Even more striking the mass
of the light scalar ~120 GeV

H/A/H* nearly equal mass

0 50 100 B0 200 250 300

o (Gev/e) when ma large
_n —a H 1t Production of H/A greatly
2 enhanced if tanf large
=
S A, H:I:
low m(A) high m(A)

MINIM
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BSM Higgs

MSSM a no-lose situation:
must be a light scalar h

Even more striking the mass
of the light scalar ~120 GeV

H/A/H* nearly equal mass
when ma large

Production of H/A greatly
enhanced if tanf large

If ma large may not be able
to distinguish SM/MSSM



|

These processes all
have cross sections

proportional to tan2f3

tan ~ mdmp ~ 35?

100 200 300 400
M, (GeV)

MSSM Higgs Production
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BSM Higgs
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- bb and TT decay modes dominate experimentally
- TT is the most sensitive: main background is Z

MSSM Higgs Decay



BSM Higgs

MSSM H/A — TT has the best sensitivity here
Use e[, eT, UT,TT modes with/without b tagging

pt, no b-tag tight-m, 35.9 b7 (13 TeV) ut, b-tag tight-m, 359 fb™ (13 TeV)
—— | T T T T T L | T T T T T T 17T l T T P 150 [T T T T T T T T I T T T T T T T T I T T -
% CMS h,H,A—tt —e— Data % CMS h,H,A—tt —e— Data
o) 4000 mmod+ [ Zon ] 0] mpTod+ [ JZom
~ m,=700GeV [ ] Jet—>t, ~ m, =700GeV [ ] Jet—>t,
— —
~— 3000} tanp = 20 [0 Z-pu ~— 1001 tanp = 20 [ Z-pp
= I Electroweak = [ Electroweak
= ot = Ot _
O 20001 I Background uncertainty 15 O [ Background uncertainty |5
pd g Z 9501 18
© lo © @
(2] (]
8 S
@ @
= 1
1 18
Je e
10 (7]
18 10°° 18
13 ®
107°

1 ‘5 L e e e e e e e e e e e e e e e e e e e e e e e e e e e aa e | e
1 .

0.5y e e T e - R, & 05 D e . e oo oo ey
10 20 30 100 200 1000 2000 20 30 100 200 1000 200

me (GeV) mit (GeV)

MSSMA/H— TT




BSM Higgs

MSSM H/A — TT has the best sensitivity here
Use e[, eT, UT,TT modes with/without b tagging
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BSM Higgs

Model-independent limits on gg¢d and bb}

35.9 fb' (13 TeV) 35.9fb” (13 TeV)
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BSM Higgs

Limits on particular MSSM scenarios
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BSM Higgs

Limits on particular MSSM scenarios

35.9fb” (13 TeV) 35.9 b (13 TeV)
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We may always have “the wedge” at the LHC...

MSSMA/H— TT



BSM Higgs

Charged Higgs in SUSY/2HDM scenarios

ATLAS search (Jul 2018): H+ — TV produced with top quark

*Th + jets (inc. b tag)
*Th + lepton + jets (inc. b tag)

form BDT discriminant
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BSM Higgs

Charged Higgs in SUSY/2HDM scenarios

BDT score, 200 to 400 GeV
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Charged Higgs in SUSY/2HDM scenarios
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Bottom line: no excess 8 | :
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Charged Higgs in SUSY/2HDM scenarios

. %60 7 U LB R

Bottom line: no excess 8 | :
observed, set limits in the 50 7 7
plane of tanf3 versus ma 40 E
Pl ATLAS -
Dramatic improvement over 30 o= 13 TeV. St o
Run 1 hMSSM scenario -
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Observed exclusion ]

2015 result - Expected exclusion
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However...constraints from B decays!



BSM Higgs

BSM Higgs has an effect on B meson decay:

(a) b — s~y

_=UOMI

100/ g f

so}

I’'m not an expert here...but rare B
decays seem to rule out a great deal
if not all 2HDM space!

60"

tan(B)

40

20"

200 400 600 800 1000
My [GeV] . . .
Crivellin, Andreas et al. Phys.Rev. D87 (2013) no.9, 094031 arXiv:1303.5877 [hep-ph]

B physics constraints



BSM Higgs

Highlighted just two BSM searches here...there are many more!
* nMSSM: light pseudoscalars in the < 60 GeV range! H—aa
* Higgs+DM production: EFT searches in multiple channels
* New heavy vector bosons, vector-like quarks with Higgs decays
*LFV Higgs decays

*invisible Higgs decays



BSM Higgs

Highlighted just two BSM searches here...there are many more!
* nMSSM: light pseudoscalars in the < 60 GeV range! H—aa
* Higgs+DM production: EFT searches in multiple channels
* New heavy vector bosons, vector-like quarks with Higgs decays
*LFV Higgs decays

*invisible Higgs decays

BSM Higgs searches are statistics-limited:
stay tuned for Run 3 and HL-LHC!




The Higgs boson is there, and we can now
begin to answer the question of electroweak

ey oL
L5054 (//\ .
- -

Hopefully we will find something unexpected!

It's never been a more exciting time in
particle physics!




