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* Run 1 results
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* Detector / performance improvements moving forward

* Future prospects for HL-ILHC



Di-Higgs In the Standard Model

/.

* Direct test of Higgs potential and Higgs self-coupling

* Small cross section: O(30 tb) at 13 TeV

— Destructive interference between diagrams Agp =
— Compare with O(50) pb single Higgs production
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Oxro [fP] Oxro [fD] Oxro [fP]
gglF—hh 8.7 29.3 34.8
hhjj (VBF) 0.5 1.7 2.0
tthh 0.2 0.8 1.0
Whh 0.2 0.5 0.6
Zhh 0.1 0.3 0.4
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BSM Di-Higgs /

* Higgs sector may be more complex than SM

— Can lead to large enhancements in hh production rate

e Non-resonant enhancement

— Modified A or new vertices, new particles in loop, ...
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BSM Di-Higgs /

* Higgs sector may be more complex than SM

— Can lead to large enhancements in hh production rate

e Non-resonant enhancement

— Modified A or new vertices, new particles in loop, ...
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BSM Di-Higgs /

* Higgs sector may be more complex than SM

— Can lead to large enhancements in hh production rate

e Non-resonant enhancement

— Modified A or new vertices, new particles in loop, ...

* New resonant hh production modes
* E.g. KK-Gravitons. H in 2HDM. new scalar in Higgs portal, ...
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Finding Di-Higgs /
hh-Br

Assuming SM Higgs BR’s
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Finding Di-Higgs 4

Assuming SM Higgs BR’s 1 hh'Br
! | T | | | I

Searches

D ATLAS + CMS

bb WW 99 TT CC ZZ Yy Zy MW
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Finding Di-Higgs 4

Assuming SM Higgs BR’s 1 hh'Br
! | T | | | I

Searches

ATLAS + CMS
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LHC Run 1 Analyses




hh—4b Analysis Overview %

Resolved analysis: Boosted analysis:

Mhuh 5 1 TeV Mhuh z 1 TeV

ATLAS: Eur. Phys. J. C (2015) 75:412 ATLAS: Eur. Phys. J. C (2015) 75:412
CMS: Phys. Lett. B 749 (2015) 560 CMS: CMS-PAS-EXO-12-053



hh—4b Analysis Overview A

Resolved analysis: Boosted analysis:
1. Four b-tagged jets 1. Two groomed large-R jets
2. Arrange into close-by pairs, AR<1.5 2. 4 b-tagged track jets / subjets

— CMS: 3 b-tags allowed
3. pr and|An| cuts

— CMS Low Mass: pairs w/ smallest [mp: — mpz|
3. prand |An| cuts
4. ATLAS: top veto using 5 jet 4. CMS: Jet substructure (T,,) cut

Signal region: Both Higgs candidates have mass consistent with Higgs



hh Boosted and Resolved Complementarity A

ATLAS
Eur. Phys. J. C(2015) 75:412
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hh Background Estimation

ATLAS
Eur. Phys. J. C (2015) 75:412

S

* Background:
— 90% QCD, 10% tt on ATLAS
— 80% QCD, 20% tt on CMS

msuP! [GeV]

* Do not have reliable multi-b QCD
Monte Carlo

* Must rely on completely data
driven QCD estimation
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hh Background Estimation ATLAS /

Eur. Phys. J. C (2015) 75:412 >

— 3007 <
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hh Background Estimation ATLAS A

Eur. Phys. J. C (2015) 75:412
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CMS
hh Background Estimation Phys. Lett. B 749 (2015) 56%
| CMS-PAS-EXO-12-053
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CMS

ATLAS Phys. Lett. B 749 (2015) 560

hh—4b Results

Eur. Phys. J. C (2015) 75:412

CMS-PAS-EX0-12-053
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hh Results — RS Gravitons ATLAS

Eur. Phys. J. C (2015) 75:412 19
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* Reaching O(ib) sensitivity in the TeV range



CMS

hh Results — RS Gravitons Phys. Lett. B 749 (2015) 560 /
. CMS-PAS-EX0-12-053

Resolved analysis \ / Boosted analysis
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* Reaching O(ib) sensitivity in the TeV range



hh—bbyy and hh—bbtt

* Combine high BR h—bb decay with rarer, lower background, decay
— Expected to help at lower mass, that 1s less limited by signal statistics
— h=yy
— h—1r

e Start with SM (h—vy) and (h—7t) selection
— Then add b-jet selection

e CMS
— Resonant (h—yy): CMS-PAS-HIG-13-032
— Resonant (h—7t): arXiv:1510.01181

* ATLAS
— Resonant + non-resonant (h—vyy): Phys. Rev. Lett. 114, 081802 (2015)
— Resonant + non-resonant (h—tt): Phys. Rev. D 92, 092004 (2015)



hh—bbyy Resonant Production

CMS
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CMS-PAS-HIG-13-032

hh—bbyy Resonant Production o A
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hh—bbyy Limits

24
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hh—bbtt

ATLAS:

Phys. Rev. D 92, 092004 (2015)

CMS:

arXiv:1510.

01181

e CMS:
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hh—bbtt Limits

S
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Limit Summary + Combination
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SM hh Limits from ATLAS ATLAS A

Phys. Rev. D 92, 092004 (2015)

Ogn(gg—hh) ~ 0.01 pb at Vs =8 TeV

Analysis ~ybb yyWW* bbTT bbbb Combined
Upper limit on the cross section [pb]

Expected 1.0 6.7 1.3 0.62 0.47

Observed 2.2 11 1.6 0.62 0.69

Upper limit on the cross section relative to the SM prediction
Expected 100 680 130 63 48
Observed 220 1150 160 63 70




SM hh Limits from ATLAS ATLAS A

Phys. Rev. D 92, 092004 (2015)

Ogn(gg—hh) ~ 0.01 pb at Vs =8 TeV

Analysis ~ybb yyWW* bbTT bbbb Combined
Upper limit on the cross section [pb]

Expected 1.0 6.7 1.3 0.62 0.47

Observed 2.2 11 1.6 0.62 0.69

Upper limit on the cross section relative to the SM prediction
Expected 100 680 130 63 48
Observed 220 1150 160 63 70




SM hh Limits from ATLAS ATLAS A

Phys. Rev. D 92, 092004 (2015)

Ogn(gg—hh) ~ 0.01 pb at Vs =8 TeV

Analysis ~ybb yyWW* bbTT bbbb Combined
Upper limit on the cross section [pb]
Expected 1.0 6.7 1.3 0.62 0.47
Observed 2.2 11 1.6 0.62 0.69
Upper limit on the cross section relative to the SM prediction
Expected 100 680 130 63 48
Observed 220 1150 169 63 70

Analysis optimized for
m(hh) > 500 GeV?



SM hh Limits from ATLAS ATLAS A

Phys. Rev. D 92, 092004 (2015)

Ogn(gg—hh) ~ 0.01 pb at Vs =8 TeV

Analysis ~ybb yyWW* bbTT bbbb Combined

Upper limit on the cross section [pb]
Expected 1.0 6.7 1.3 0.62 0.47
Observed 2.2 11 1.6 0.62 0.69

Upper limit on the cross section relative to the SM prediction
Expected 100 680 130 63 48
Observed 220 1150 160 63 70

-2 HH production at the LHC14, NLO+PS  ppo—HH (EFT loop- mproved) PY8s — | 102 |- HH production at the LHC14, NLO+PS e~ EFT loopimproved) Pve — |
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SM hh Limits from ATLAS

ATLAS:
Phys. Rev. D 92, 092004 (2015)

.

Ogn(gg—hh) ~ 0.01 pb at Vs =8 TeV
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pp—>WHH HW6 ---- ]
pp—ZHH PY8
pp—>ZHH HW6
ol | | hh—4b channel
i, | important for
14
10° ¢ | future SM-hh
17
12 | searches!
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Moving Forward s
* Increasing b-tag efficiency — B-jets in several channels (4b, bbyy, bbtr, ...)

Single b (&) Double b (g,?) 4b (g,
Higgs tagging HH—4b
Nominal 70% 49% 24%

* ATLAS Run 2: Insertable B-Layer (IBL)

r R =1082mm

TRT {

L R = 554mm
( R=514mm
R =443mm

SCT{
R =371mm

\ R=299mm

R =122.5mm fp————""""__ "
Pixels { R = 88.5mm 7 S
R = 50.5mm /
R =33.25mm
— ATL-PHYS-PUB-2015-018

R=0mm
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* Increasing b-tag efficiency — B-jets in several channels (4b, bbyy, bbtr, ...)
Single b (&) Double b (g,?) 4b (g,
Higgs tagging HH—4b
Nominal 70% 49% 24%
* ATLAS Run 2: Insertable B-Layer (IBL)
— Big gains In impact parameter resolution: ~40% for z,, ~40% for d, (low p tracks)
ATL-PHYS-PUB-2015-018
— 300 - T 20— , - —— 5
2 C ] E - ATLAS Preliminary e Data -
C ] —_ - 's =13 TeV, Low- u dat ]
— 250 0.2<n <0.4 ] \,\f 200— (\)-82<ﬂ<%-4 Ow-u data e Data (unfolded)
=) L nominal ATLAS geometry ] © C — MC 7]
% E —&+— IBL geometry ] S—— ]
:’Z‘,o 200:_ _: 150~ -
© C ] C —— ]
150, From - 100 - .
C _|_‘_| IBLTDR £ - — —e— o
5 —— 7 S0 . -
B T = 1.2r s
L — 8 1 g @ @ @>
O-I || II 1 1 L1 1 II 1 1 1 11 I- E _1
] 10 102 g 510 1 2 3 4 5686 72&3/10
p. [GeV] 5 p, [GeV]




Moving Forward .

* Increasing b-tag efficiency — B-jets in several channels (4b, bbyy, bbtr, ...)

Single b (&) Double b (g,?) 4b (g,
Higgs tagging HH—4b
Nominal 70% 49% 24%

* ATLAS Run 2: Insertable B-Layer (IBL)

— Big gains In impact parameter resolution: ~40% for z,, ~40% for d, (low p tracks)

* Improved tracking in dense environments

(lnSIde JetS) CMS Simulation
> FF T = a 1 [ ‘ L) ]
8 1—_ s B e S— __— qc) [ . s 7]
) C —_— - & — r . d ]
G - "% — 9 0.95 &by
= 0.95- —— —_— . % r * ]
_—¢_ 7 C R ]
c C —_A —_—A— ] L B
2 09 _1\ — g’ 0.9¢ i & Pythia multijet, 600<5"<800
3] C —— o ] = C p_,<10cm ]
2 -l ATLAS Preliminary ] S 0.85F b 0 450 GeV, p™ » 2 GeV -
@ 085 Simulation, 's=13 TeV, Z(3 TeV) = O Pr> e :
9 = _+_ 450<p"'<750 GeV, p"'>2 GeV ] H !
£ 08F Ii\ Rors<100 mm, RE" >600mm 0.8} ¢ -
(&) C : TIDE o ngm"] ets ] B + Standard Tracking ]
S C 7 B ]
I: 075 ___+_ u B'JetS ] 0'75 - : + Jet core tracking with MC truth splitting ]
C Baseline A ngm'JetS B E + Jet core tracking and splitting E
0.7 A B-Jets 7 0.7 o S S I Y
MR |-2 | - I ] 1 0-2 1 0-1 1
10 10 A Rjet,track)

ATL-PHYS-PUB-2015-006 A R(jettrk) https://twiki.cern.ch/twiki/bin/view/CMSPublic/HighPtTrackingDP
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Increasing b-tag efficiency — B-jets in

several channels (4b, bbyy, bbtr, ...

Single b (&) Double b (g,?) 4b (g,

Higgs tagging HH—4b
Nominal 70% 49% 24%
ATLAS Run 2 77% 59% 35%

ATLAS Run 2: Insertable B-Layer (IBL)

— Big gains In impact parameter resolution: ~40% for z,, ~40% for d, (low p tracks)

Improved tracking in dense environments T —
. d . S ATLAS Simulation Preliminary =~ 3
(inside jets) s I ;
q_). 10 ;; e Mv1 R ..... 1 ;

. . = \ — c:Run- 3

Improved b-tagging algorithms Y — Mv2c0 Run2 |
e = E
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T sE

c  2f =
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ATL-PHYS-PUB-2015-022
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Moving Forward /

* Trigger: difficult at low mass / non-resonant
— Offline-like algorithms in higher level trigger

— Improved muon+jet triggers (especially it topological triggering available)

— L1 track trigger has potential for much improved triggering for b’s and t’s
* Benefit from improved tracking / b-tagging / T-tagging at Level 1

w 300 R [ LI ] T I IIIIIIIIIII l LI ] T 0T l LA Y—
L - ATLAS \S = 14 TeV <u> =60 -
2 o0k Simulation .
S 2501 G(300 GeV) — hh — 4b 45.4145 Tig -
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150[— -

[~ 2b55_4i55_Medium -
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100 -

B .'goﬁ 4j35_Tight 7]

5 b75_4j75_Medium ]

50— ¢ -

_l Ll l Loddl l llllllllllllllllllll l Lededed 1 b - 1 - L_

0 10 20 30 40 50 60 70 80 90 100

signal efficiency

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/FTKPublicResults




Long-Term Measurements at the LHC




hh Yields for 3000 tb!

ATLAS:
ATL-PHYS-PUB-2014-019

A

Decay Channel | Branching Ratio | Total Yield (3000 fb™")
bb + bb 33% 40,000

bb+ W*W- 25% 31,000

bb + 17" 7.3% 8,900

Z7Z + bb 3.1% 3,800

WW~+15 1 | 2.7% 3,300

ZZ + WHW- 1.1% 1,300

yy + bb 0.26% 320

Yy + Yy 0.0010% 1.2




ATLAS:

Future Prospects — bbYY + bbtT ATL-PHYS-PUB-2014-019

ATL-PHYS-PUB-2015-046/ %7

* ATLAS and CMS studies of HL.-ILHC bbyy and bbtt

- > ‘ \ ‘ \ ‘ \ ‘
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Future Prospects — bbyy + bbtt

CMS: /
CMS PAS FTR-15-002 / “%

Number of Events

CMS combination (bbyy + bbtrt)

. ATLAS and CMS studies of HL.-ILHC bbyy and bbtt

— Expect ~54% uncertainty (1.90) on signal yield 3000 tb™!
— L1 track trigger vital! Improves signal yield by ~40%

Vs=14 TeV, PU=140
""""""""""" BRI LR I I D
CMS Slmulatlon —e— Toy data N

50 — —— Combined fit —_
A S ST HH->bbyy
C Resonantbkg
o + | 4T Non-resonant bkg|
30
20 L oro T _
1 0 : ."“ + ++
O TI’]Z’I:]::’::I: 7777 Iiililiililiilvl\; 1 1 I -I 11 1 I 11 1 :]<I<:<I<:<I<:<I<I<<I<I<<I<I<<I<I<<<I<;<I‘I__
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10° g
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IIIIIIIIIIIII I T T T T I T T T T T T T L
----- HH—tt bb
CMS Slmulatlon T
= W
| — e
. v
= WV
= [ =
= e s zH
Stat. uncertainty
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my, [GeV/c?]



Future Prospects — bbyy + bbtt

CMS PAS FTR-15-002

CMS:

A

* ATLAS and CMS studies ot HL-LHC bbyy and bbtt

* CMS combination (bbyy + bbtr)

— Expect ~54% uncertainty (1.90) on signal yield 3000 tb™!
— L1 track trigger vitall Improves sesitivity by ~40%

* Large gains possible from even small improvements in

b-tag, y-1D etficiency, ...
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Other Decay/Production Channels?

3

AN

hh—bbWW
— Large BR, but large tt background

— Use boosted regime to reduce tt?

VBF hh

— Sensitivity to g, vv

— Enhanced sensitivity to “fermi-phobic”
resonances?

— Phase II - Pileup rejection for VBF jets?
* Precision forward calorimeters

* Forward timing detectors

tthh
— hh—4b potentially possible

Ww
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Conclusions A

* Experimental Di-Higgs program well underway

— Searches for both heavy resonances

* Sensitivity: O(pb) at low mass, O(tb) at high mass
— non-resonant SM contributions

* O(50x Og,,) sensitivity

* Large improvements for Run 2 and beyond
— Improved detectors, tracking, triggering, object ID

* HL-LHC long-term feasibility of hh not tully studied

— Initial estimates look difficult but promising
— Need to understand pertormance ot Phase II detectors
— Need to optimize detector and physics performance






ATLAS Combination Systematics

A

Nonresonant search

Resonant search

mpg = 300 GeV mpg = 600 GeV

Source Ap/p [%] Source Ap/p [%] Source Ap/p (%]
Background model 11 Background model 15 b-tagging 10
b-tagging 7.9 Jet and Eiss 9.9 h BR 6.3

h BR 5.8 Lepton and Thaq 6.9 Jet and Emiss 5.5
Jet and FIiss 5.5 h BR 5.9 Luminosity 2.7
Luminosity 3.0 Luminosity 4.0 Background model 2.4
Total 16 Total 21 Total 14

° bb'YY:

— Background acceptance /Fit function / stat. errors in control regions: 10-30%

— Jet energy / resolution: up to 20% for resonant analysis
— b-tagging / photon efficiency / resolution small: 1-4%

* bbtt:

— Jet / T energy scales, and b-tagging: 12-24%
— Background model: 10-15%

* 4b
— B-tagging: 10-20%
— Background model / stat. uncertainties: 6-12%
— Jet mass scale / resolution: 10-18%



Other HH Decay Modes

* ATLAS yYW*"W—1vyylvqq
— Counting experiment

» With £3.4 GeV ot m,
* Signal acceptance ~ 3% (after BR)

— Phys. Rev. D 92, 092004 (2015)

— Require m

e CMS =31/ yy+=>11

— Events classified by lepton flavor
(e, W, T) and charge

—m,, conslistent with Higgs mass

— Phys. Rev. D 90, 112013

%) 9: T I L ‘ L ‘ T T T 7 ‘ L ‘ L ]
g 8- ATLAS s=8TeV,203fb" 4
S 7; —¢— Data é
n r ——— Continuum background 5
g 6} ——— SM Higgs contribution {
Lﬁ C
5k =
4= =
3- + -
2+ -
1: - | - E
O:_ Il I Il ¢ Il L ‘ L Il Il ¢ ¢ Il \_ ‘ Il Il Il Il \' .
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CMS 19.5 o™ (8 TeV)
18 prerr e e
§16:— gg — H— hh, combined
-~ —— Observed 95% CL limits
N 14 ----+ Expected 95% CL limits
° $2==: Expected =10
12 ----+ Expected +2 ¢
10

0
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Finding Di-Higgs A

hh-Br
[ | [ [ | 1

CMS inclusive -
| and y analysis

bb WW 99 TT CC ZZ Yy Zy WM

ATL-PHYS-SLIDE-2014-694



Future Prospects — 4b A

ATLAS Simulation [JmM=15Tev
(s =14TeV, 3000 fb"' []J M=2.0Tev
Reference B m=25Tev
— Top

— Multijet

* Boosted hh—4b study
as a part of ATLAS
Phase II Upgrade 10

scoping document

Events / 50 GeV

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
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3000
Dijet mass [GeV]
¢ Signiﬁcant % ATLAS Simulation m  Reference oy =2.5%
improvement with R k He
‘® B o Middle og=5.0%
B O N % Low 0y=25%
more pixel layers + 3l T T, e
forward tracking o . N N
. 21
(Reterence Scenario)
e
8x10" ———————

1 1 1 1 I 1
15 2 2.5
ATLAS Phase Il Upgrade Scoping Document: LHCC-G-166 Resonance mass [TeV]



hh Acceptance CMS

CMS
Phys. Lett. B 749 (2015) 560
CMS-PAS-EX0Q-12-053 >0
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HH Analysis Overview

arXiv:1506.00285 A

Resolved analysis:

Boosted analysis:

1. Four b-tagged anti-kt R=0.4 jets 1. Two anti-kt R=1.0 jets, trimmed with
2. Arrange into close-by pairs, AR<1.5 R,,,=0.8 and t,,=0.05 .
3. Mass dependent p and |An| cuts 2. Each ‘()jvltAh 2 b-tagged R=0.3 track jets
: - 3. an cuts
4. ttbar veto, using 5t jet to test Pr | An|
consistency with my, / m,,,
2 0.2 — T T T T T T T T T T T T T > T T T T T T T
g " Bulk RS, k/M,, =1.0 O 4b-tagged jets ] 2 12 puikRs, /M, = 1.0 E
K} A 2dijets .0 = P ]
g ATLAS Simulation v Mass Dependent Cuts | 2 ~ ATLAS Simulation L _ o
Y015 = O 1f Vet : L - Vs=8TeV 5—&—5 = ]
;j - Is =8 TeV Sigﬁacl, Region . x C O 2large-Rjets -
Q - . 8 08— A A4track jets N
% B B g - v An _
= - 7 += - 4 b-t d jets
§ 0.1 — ] g)' 0.6 0 Sign:?gzgil:ns ]
0 o — —
< F ) < _F -
B ] 0.4— —
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: : 0.2_— ]
: : e e e S
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hh Background Estimation ATLAS A

arXiv:1506.00285

%300 ATLAS \s=8TeV [Ldt=19.51" 2
* QLD 8 Sl bl 3
YO KR - Lo T — . LT ©
— Use orthogonal control region with % -
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- z

150

* Top: 100

— Shape tfrom MC

* QCD and top normalizations from g
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Track Jet b-tagging

A

* Use the charged particle tracks to build
track jets

* B-tagging using track jets
— Insensitive to pileup
— Small radius to identity close-by objects
— Can be optimized for b-tagging
— Independent of calorimeter

— Good angular resolution w.r.t. b-hadron

e (Ghost association:

— assoclate track jets to calorimeter jets,
thus providing b-tag information

PV

Pileup



Moving Forward

* High mass / p regime
— Object merging
* Dedicated boosted Tt / yy reconstruction

* Simultaneous double b-tagging (e.g. MVA combination of b-tagging?)
e Jet substructure: Some studies / uses already in hh—4b

— High p b-tagging and t-1D
* High track density, collimated tracks, increased number of fragmentation

tracks (b-tagging)
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2 11 . . . Q C Cms
3 10 ATLAS Simulation Preliminary S o500 © Databeore Htagging Preliminary
‘O 1010 anti-k, R=1.0 jets ) . 2 L Multijet (MADGRAPH+PYTHIA)
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ATLAS FTR

55
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Long Term Measurements: H—=pu, H—Zy 56

Events /2 GeV

Events / 2 GeV
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