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Trilinear coupling Quartic coupling

Measurement of A is a test of the standard model
Can be measured using hh production
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Non-resonant
production
Negative interference

leads to low cross
section

Higher order term

o(pp = hh)gy = 33.45fgjgg§g(scale) + 3.1% (PDF)
(LHC Higgs cross section WG yellow report)

BSM contribution to non-resonant production:
Composite Higgs, Little Higgs, etc.
Can modify the HH vertex
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EFT approach (doi:10.1103/PhysRevD.91.115008)
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EFT parameters

SM values

Connecting L, to observables at the experiments
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Clusters in parameter space with similar Higgs boson kinematics
(doi:10.1007/JHEP04(2016)126)

Benchmark
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Resonant production

BSMs with new
contributions

KK graviton, radion, heavy
higgs
Enhanced cross section
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bbbb:

Resolved
Boosted

bbWW
bbtt

Resolved
Boosted - Lisa’s talk

bbyy
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Low mass range: 260-1200 GeV
High mass range: 750-3000 GeV

H->bb mass resolution improved using a regression
technique applied to the b jets.
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Trigger
—e— 4 b-tagged jets
—e— HH candidate
—e— Signal Region
— LMR Selection
MMR Selection
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HIG-17-009

Signal modelled using a sum of two Gaussians or
Gaussian+exponential tails using MC simulations

Background uses parametric fits derived from sideband
regions in the m, mass spectrum.

Low mass Medium mass

35.9 b (13 TeV)
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82G-16-026 KU M)
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High mass range: 750-3000 GeV

H->bb have a large transverse momentum w.r.t. the Higgs
boson mass

H->bb decay reconstructed using a fat jet (AK8)
Jet substructure and double-b tagging applied to jets

(13 TeV)

CMS Bulk graviton: LL category (signal region) —— Radions: LL category

my = 1200 GeV my = 1400 GeV
=1600 GeV — m, = 1800 GeV
= 2000 GeV my = 2200 GeV
« = 2500 GeV my = 2750 GeV
= 3000 GeV

©
w

Simulation —e— Bulk gravitons: LL category

---¥--- Radions: TT category
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82G-16-026 KU M)

Search performed as “bump hunt” over all falling
background

Estimated using sidebands only (750 < M, < 1200 GeV)

Estimated using a combined fit of sidebands and signal regions
(M > 1200 GeV)

35.9 b (13 TeV) 35.9fb" (13 TeV)

TT category: Signal region
¢ Data
—— Background pre-fit
B Background post-fit
Bulk graviton 1600 GeV
—— Bulk graviton 2500 GeV
Signal cross section = 10 fb

TT category: Anti-tag region
+ Data
— Background pre-fit

= Background post-fit
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HIG-17-009

B2G-16-026

o(pp—X) x Br(X—H(bb) H(bb)) (fb)

o(pp — X) B (X - HH — bbbb) [fb]

4
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CMS

Preliminar,
4 Expected Upper Limit

Expected + 16
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Observed Upper Limit

Bulk Radion A= 3 TeV, kI=35
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CMS
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Preliminary P

Expected Upper Limit
Expected + 1o
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——e—— Observed Upper Limit
Bulk Graviton k/M,=0.5
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—— Bulk KK graviton (/Mg = 0.5)
—— Observed 95% upper limit
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Upper limits set on the cross section of bulk gravitons and
radions in the warped extradimensional models
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HIG-17-008

Small BR (0.26%) but clean
signature

2 photons+2 b-tagged jets
(triggering using 2 photons)

Resonant mass : :

i1 Rad. m, =600 GeV || VBF H(yy) Stat. Uncert.
My = M(jjyy) — M(jj) — A
M(yy) + 250 4

MVA categorization

Signal searched for using a
parametric fit to M(jj) and M(yy)

-1 -08 06 04 02 0 02 04 06 08
Categorization MVA
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HIG-17-008 KU
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pp—X—>HH-bbyy (Spin-2)
—=o— Observed 95% C.L. limit ---¢--- Expected 95% C.L. limit

prXaHHabBw (Spin-0)

—e— Observed 95% C.L. limit c-- Expected 95% C.L. limit
Expected + 16 Expected + 2 ¢
Bulk Radion, Ag =1 TeV Bulk Radion, Ap =3 TeV
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Expected + 1o Expected £ 2 ¢ :
Bulk Graviton, x/M, = 0.5 Bulk Graviton, k/M, =1.0

o(pp—X) x

700 800 900 700 800 900
Resonance Mass [GeV] Resonance Mass [GeV]

Limits computed on the cross section of bulk gravitons and
radions in the warped extradimensional models
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35.9 fb' (13 TeV) CMS Preliminary 35.9fb" (13 TeV)

E pp>HH->bbyy

pp—>HH—bbyy (SM) Observed 95% C.L. limit

o(pp—>HH) x B(HH—bbyy) [fb]

Observed 95% C.L. limit Expected 95% C.L. limit

D Expected + 1o l:l Expected + 2 ¢

Expected 95% C.L. limit

Expected + 1o

Expected + 20

Theory Prediction (k, = 1)
= [ Theory Prediction (x, = 2)

o(pp—~>HH)xB(HH—bbyy) [fb]

o

LM-MP  LM-HP LM Comb. HM-MP  HM-HP HM Comb. All Comb.

20 -15 10 -5 0 5 10 15
pp—HH—bbyy '
Expected 95% CL excl. [ | Expected £t 4 Standard Model

A

[ ] observed 95% CL excl.| | Expected t20  0,=c,=0,)=0

Cross section observed (expected) upper limits are at 30(25)
times SM.

Upyy < 19.2 (Observed) and < 16.5 (expected).
Limits also set for the BSM models varying k, parameter.
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>= 1 hadronic tau decay 1,

Resolved H decay: 1 or 2 b jet
Boosted H decay: Fat jet (AK8) with subjets matched to AK4 jets

MVA discriminator for 7,17,/ 1.7, to reject ttjets

Stransverse mass M,
for non-resonant

35.9 b7 (13 TeV)

¢ Data
ot
QCD
Drell-Yan
Other bkg.
[ SM Higgs boson
Bkg. uncertainty

(k. =1, SM) x 100
(k:’=20)><10

0 50 100 150 200 250 300 350 400 450 500
my, [GeV]

arXiv:1707.02909

HIG-17-002 s

my, for resonant search

Resolved

35.9fb" (13 TeV)

¢ Data
o
QCD
Drell-Yan
Other bkg.
[ SM Higgs boson
Bkg. uncertainty
mg =750 GeV
6(gg—>S)xB(S—HH) = 1 pb

300 400 500 600 700 800 900 1000
KinFit
miinFit (GeV]
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Boosted

35.9 b7 (13 TeV)

"_> 0.2 boosted T.Th . Data

channel e tt

QCD
Drell-Yan
Other bkg.

[ SM Higgs boson
Bkg. uncertainty
mg = 750 GeV

6(gg—>S)xB(S—HH) = 0.5 pb

. L

300 400 500 600 700 800 900 1000
KinFit

mKinFit [GeV]
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arXiv:1707.02909 KJ |CMS
HIG-17-002  RAREAS

35.9 fb (13 TeV
35.9 b (13 TeV) CMS Supplementary 35.9fb" (13 TeV) asTey

arXiv:1707.02909 Spin 2, Go>HH—bbtt
: : ‘ ‘ *""":‘bbruth+bbre.rh+bbrhrh
: bb 1, + bb 1.7, +bb 7,7, : 'Combined channels
Combined channels

95% CL upper limits

—e—— Observed / —e— Observed

L upper Iim

Y
o

Median expected
I  68% expected
95% expected _
RS1 KK graviton kI = 35, k/M,, = 0.1

Median expected
I 68% expected
95% expected
Radion Ay =3 TeV, kL = 35, no R/H mixing
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---- Expected 95% CL excl. Expected +2c
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NMSSM Interpretaton
BSM interpretation using radions and bulk gravitons

Also interpreted as limits in the NMSSM parameter space
in the low tanf3 range.
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arXiv:1707.02909 KJ |CMS
HIG-17-002  RAREAS

359" (13 TeV) CMS Supplementary 35.9fb7" (13 TeV)

arXiv:1707.02909 bb T, T+ bb t 7, +bb 1,1,

95% CL upper limits bb TuTh + bb T+ bb W
... Combined channels

—— Observed ; Combined channels
Median expected : E
- 68% expected
95% expected
SEEE Theoretical prediction

 95% CL uppér limits
® Observed I 68% expected
O Median expected 95% expected

95% CL on ¢ x B(HH— bbrr) [fb]

2 3 45 6 7 8 9 10 11 12SMk,=0
Shape benchmark

Non-resonant HH cross section limit at 30 times SM.

Cross section limits also set for different benchmarks for
the Higgs boson coupling.
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arXiv:1708.04188 K{J |CMS/|
_17-006  mrosvegvor :
HIG-17-006 i |

Dilepton triggers

! ¢ Data

: Signal (5 pb)

P, =k =1(SM)
Uncertainty

p*u~ channel

Event categories: e*e, u*u-, e*u

12 <m, < m, -15 GeV: Reject SO R
guarkonia and Z->ll '

: )
s, ‘u%‘“m. e
] L)

2 b-tagged jets

BDT to reject Z(bb/ cc)H
production

IR
*#y

E
@
8
©
(@]

1 05 1
DNN output at , =, =1 (SM), m, bins

3 m;; categories

Deep neural network training is
used to improve signal-
background separation.
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arXiv:1708.04188
HIG-17-006 RRNEGS

35.9 b1 (13 TeV) 35.9 bt (13 TeV)

—e— Observed 95% upber limit
- ® - Expected:95% upper limit
I  68% expected
95% expected
- - - RS1 KK graviton, kL =35, k/Mp =0.1

—e— Observed:95% upper limit
- ® - Expected 95% upper limit
I  68% expected

95% expected
- - - Radion (Ag =1TeV, kL =35)
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Limits set on spin-0 radion and spin-2 bulk graviton

D. Majumder/ SUSY 2017 20



arXiv:1708.04188
HIG-17-006 RRNEGS

35.9 ot (13 TeV) 35.9 fot (13 TeV)

—— Observed 95% upper limit : SM (Kx=1, ke =1)
- — = Expected 95% upper limit
Il 68% expected
95% expected
—— Theory
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pp — HH — bbVV — bbiviv B(HH - bbVV - bblvIlV) = 2.72 x 1072
-20 -15 -10 -5 0 5

[T Observed excluded (95% CL) 68% expected SM
= = Expected excluded (95% CL) I 95% expected Theory

Non-resonant HH cross section limit at 79 times SM.
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CMS Preliminary 35.9 fo1 (13 TeV) CMS Preliminary 35.9 fb! (13 TeV)

bbVV arXiv:1708.04188
bbrr arXiv:1707.02909
bbrr PAS-B2G-17-006
bbbb PAS-HIG-17-009
bbbb arXiv:1710.04960
bbyy PAS-HIG-17-008

bbVV arXiv:1708.04188
bbrr arXiv:1707.02909
bbrr PAS-B2G-17-006
bbbb PAS-HIG-17-009
bbbb arXiv:1710.04960
bbyy PAS-HIG-17-008

---. Expected ---. Expected

— Observed — Observed

Spin-0 Spin-2

95% CL limit on o(pp—X—HH) [fb]
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG
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bbtt (arXiv:1707.02909) bbyy (HIG-17-008)
e Observed [ ]68% expected e Observed [ 68% expected
o Median expected [ 95% expected o Median expected [l 95% expected

CMS Preliminary = = 359" (13TeV)

Assumes SM Higgs
branching fractions

5 6 7 8 9 10 11 12k,=0SM
Shape benchmark
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Using the EFT approach with
12 benchmark points

19.2 (16.5)

30 (25)
79 (89)
342 (308)
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CMS searches for HH production presented

Several analyses broken up by
Decay channels: bbtt, bbyy, bbWW, bbbb
HH mass range: Low mass, high mass

All results consistent with SM backgrounds so far
Upper limits on resonance cross sections, anomalous couplings

Combination in progress using all measurements done up
to now

Analyses under way using new data.
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-006/index.html
Res and non-res bbW(lv)W(lv) 13 TeV 35.9 fb-1

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-002/index.html
Res and non-red bbtautau 13 TeV 35.9 fb-1

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-
008/index.html

Res and non-res bbgamgam 13 TeV 35.9 fb-1

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-
009/index.html

Res bbbb 13 TeV 35.9 fb-1

http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-16-026/index.html
Res high mass bbbb 13 TeV 35.9 fb-1

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-
16-026/index.html

Non-res bbbb 13 TeV 2.3 fb-1
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HIG-16-026

2015 analysis. Work in progress

Category Observed Expected —2¢c —1lc +1loc +20
[£b]

3880 3490 2140 2540 5350 8350
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W/Z/H

q

Wide
opening
angle

q

W/Z/H

High mass decaying parent particle

—

Lorentz boost

KU M|
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L

I
|
Collimated
partons
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19.7 fb (8 TeV)

|;, b'D" — bHbH, M(b') = 800 GeV

0 100 200 300 400 500 600 700 800 9S00 1000
P, of nggs boson [GeV]

Q Boosted SM particles can be reconstructed as a single Jet
+ Intrinsic jet mass
+ Internal substructure
+ Flavour content
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Particle jet

Parton jet

Jets

KU CMS/!
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W/Z/H

Pruning:
AR(y, J2) > 0_53

Zout = Prlof (pTJ1 "' P1i2)

jl+j2

> O 1 Initial jet pT/pT > Zeut or AR}, j, < Reut Pruned jet
min(pr1,p AR
Soft drop; T PTLPTs) o o ( 12) B
PT1+DT2 R
Angular exponent parameter 3 =0 | Modified mass
Soft radiation parameter z_,;, = 0.1 drop

N-subjettiness 7, = —Zk pr  MIn{AR; ;, AR, 4, ..., ARy 4}

T,/t, for W/Z/ nggs tagging
T5/7, for top tagging
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Higgs jets Double b-tagging:
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Holistically tag jets with two B hadrons.

----- . Fully hadronic decay exploited

E) Branching ratio advantage

BR(H - bb) = 58%
Uses track and
secondary vertex info.

CMS —— QCD, single b
Simulation Preliminary QCD, gluon splitting to bb
g QCD, light flavor
—— H(bb)

Commissioned using
AKS8 jets tagged with
two soft muons:

Enriched in gluon -> bb KIS

70 <m'< 200 GeV

0A2 4 6 8 10 12 14 16 18 20
2D SIP for first track above b threshold

D. Majumder/ KU 10 Nov 2017

CMS-PAS-BTV-15-002

261b"'(13 TeV, 25 ns)

s _E CMS
" E Preliminary

Muon Enriched Multijet sample
Double-muon-tagged AKS jets
p_ (AK8 jets) > 300 GeV

5 10 15 20

2D SIP for first track above b threshold

31
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Aim is to distinguish signal (H -> bb) from multijet background.

1 - =
CMS Simulation Preliminary 2.6fb"(13 TeV, 25 ns) ) 36fb ™, \s=13 TeV, 2016

- —double-btag CcMS 4+ Data
---- Subjet CSVv2 Preliminary [ uds quark or gluon
- Fatjet CSVv2 Il c quark

[ c from gluon splitting
Muon-tagged AKS jets B b quark

6
= P (AK8 jets) > 300 GeV [ b from gluon splitting

DoubleBL

SI:double b

7 &= Muon Enriched Multijet sample
- AK8

70 <m <200 GeV , 800 < p, <2000 GeV .~

AK8 jets / 0.1

BDT output

Double B
b-tagging .

sys + stat

1

5
1

5

0_

RCaL W/ W U B 0 0 0' c
00102 08 04" 05 08 07 %00 300 400 500 600 700 800

L ) i -08 -06 -04 -02 0 02 04 06 08
T ffi H-bb S
agging efficiency {F=bo) double b-tagger discriminant Py [GeV]

Data/ MC efficiency scale factors measured using double-mu tagged AK8
jets to enrich them in bb flavour (mostly gluon splitting to bb).

BTV-15-001/ BTV-15-002
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