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* High Luminosity LHC (HL-LHC)
* HL-LHC Projection Methodology

- X — HH Projections, Results, Exclusions

- X — YH Projections, Results, Exclusions

 Summary
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High Luminosity LHC (HL-LHC) [ | TEXAS A&M

» HL-LHC baseline (ultimate) stats
» 14 TeV center-of-mass energy
* 140 (200) pile up
» 3000fb-1 (4000fb-1) integrated luminosity over

LHC / HL-LHC Plan ( HiLumi )

I ifeti m e RGE HADRON C?LLIDER
HL-LHC
» Many upgrades across CMS to prepare for HL-LHC - “huns-s-
« Major improvements to online and offline event i = BEUTY .,
. i o sgll:;eo :Z:Isllerlrl':?;l"osn ﬁ\’ eorlggt;'ton LIU Installation inner triplet ) HL—LH(':
reconstructlon SOftware to eXplOlt upg raded &ﬂ R2E project regions Civll Eng. P1-P5 pilot beam radiation limit installation
detector abilities EIEEEIEIENEENEDED mmmmmmmml@
B T NSNS
N o nominal Lymi | _2Xnominal Lumi, ALICE - LHCD 2 nominal Lumi
« As X to HH or YH are among the most relevant 0w | ol == e
searches at the HL-LHC, projection studies are

DESIGN STUDY €€ PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. | PHYSICS

important to —
HL-LHC CIVIL ENGINEERING:

» Motivate ongoing hardware and software comwmon  sumomwes e
upgrade

* Provide an estimate of sensitivity to relevant
BSM theories that can be achieved with the
HL-LHC
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« Using the most sensitive CMS Run 2 channels (bbyy, 138 b (13 TeV)
bbtt, and bbbb), HL-LHC Projections are made
- Projected to an integrated luminosity of 3000fb~

 Signal cross sections are scaled to center-of-mass
energy of 14 TeV

| | | | | | | | | | | | | | |

10k CMS -e~ HH Combination -
- —o— HH — 4W/4t/2W21 — = 2| 3
HH — bb,WW — = 1] (resolved)

—— HH — bb,WW —> = 1 (merged-jet) |

—o— HH — bb, Tt E
HH — bb,yy

—e— HH — bb,bb (merged-jet)

Narrow Width Approximation

» Upgraded CMS detector is assumed to have comparable
efficiency and resolution on physics objects as Run 2

» Experimental sensitivity for HL-LHC is derived in 3
scenarios

« All systematic uncertainties are assumed to be the
same as Run 2 (conservative)

« Theory uncertainties are halved, while o oootod bbbb ]
experimental uncertainties are set according to 104 | e
CERN Yellow Report 2019-007 3x10™" 1 5 3 4 56

. Statistical uncertainties only m, [TeV]

I S " Tt
10 F Spin 0, ggF production

Observed

~
~~~~~

95% CL upper limit on ¢ (pp — X — HH) [pb]
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3000 o' (14 TeV) 3000 fo' (14 TeV)

LRI LA L L B L B A ST T T T T T T T T T T T T T T
[ CMS Projection pp — X — HH — bb,yy 10°F cms Projection pp —> X — HH — bb,tt
3 - Statistical only I - Statistical only

—_
(@]
N

- 3 channels considered are projected to 3000fb~! and
showed with 3 systematic uncertainty scenarios

S1 scenario S1 scenario

-#- S2 scenario -#- S2 scenario

Narrow Width Approximation Narrow Width Approximation

bbtt

« HH — bbyy ?
» Overall impact of systematic uncertainties is
below 1% due to small uncertainty on the
background modeling

10 E

95% CL upper limit on ¢ (pp — X — HH) [fb]

95% CL upper limit on o (pp — X — HH) [fb]

| Spin 0, ggF production [ Spin0, ggF
NI AT A | ol b b b |l T

production 1
| T SR A ATET A | |

. HH — bbTT 03 04 ‘6.5” 06 07 08 09 1 03 04 0.’5H 06 07 08 H0.9H 1

« Largest S1 (Run 2 uncertainties) impact due to
limited size in MC simulation used for background
estimation

« Largest S2 (CERN Yellow Report uncertainties)

impact due to efficiencies of b-jet and 7
identification and misidentification

« HH — bbbb boosted

» Overall impact of uncertainties is small as
analysis is limited by statistical uncertainty in data

3000 b (14 TeV)
e o B e |
I CMS Projection pp = X = HH = bb,bb (mergeciet |

- Statistical only

S1 scenario
-%- S2 scenario =

Narrow Width Approximation ]

bbbb

107"F

Spin 0, ggF production

95% CL upper limit on o (pp — X — HH) [fb]
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« Combination of HL-LHC Projections
 Low mass combination

dominated by bbyy channel 3000 fb™" (14 TeV) 138 b (13 TeV)
. . 5 103 :_ T T T T T T T | T T T _ '5' | T T T T T T T | T T T T I_
- High mass only considers bbbb = "t CMS Projection e HH Gombination 2 4ol cms e HH Combination ]
I : . T : —— HH — 4W/4t/2W2t — =2 1
Channel 31\: ) " o :: - EZ’IZ I HH — bb,WW — =1l (resolved) ]
+ Due to both having low impact w F e — HH > bbb (e ! o e =t
from systematic uncertainties, t ; \ Narow Widih Approximation 1 HH — bbyy
. o o —— HH — bb,bb (merged-jet)
dlﬁerences between 3 3 105_ E & Narrow Width Approximation
scenarios are small c | S SN S
- (@)
E 3 E 102}
« Comparison to Run 2 Upper Limits g | ]
. . o B N N W= 4
» HL-LHC Combination sets BRI 5 S0 gm0, ggr production S 3
uppel’ ||m|tS between 50 fb and g Spin 0, ggF production Lg [ Observed R ]
0.02 fb ig 10_2 ! 32 SYtlematIC'S scrl]emle 1 Il Il | 1 1 Il % 10_4 F IExpe(I:tedl 1 1 1 1 | 1 1 1 1 I_:
* Run 2 Combination sets upper 2x107" 1 2 3 4 3x10”" 1 2 3 456
m, [TeV] m, [TeV]

limits between 200 fb and 0.2 fb
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« Expected significance for the discovery for a X

with mass 1TeV with two different cross
sections is shown as a function of integrated
luminosity

» Based on 3 channels considered, projection
shows a resonance with cross section of

10fb would yield 4.8 standard deviations at

300fb~!, indicating possible with the
combination of Run 3 and Run 2

A cross section of 3fb would reach 5
standard deviations with 3000fb~!

Significance [s.d.]

10

14

12}

(13-14 TeV)

16_||||||||||||| L L

- CMS Projection .

pp—>X—>HH(mX=1TeV) ]

o=101b

| —e— o0=11b _
Narrow Width Approximation

_m AR R N R R AT N R N B R R A

500 1000 1500 2000 2500 3000

Luminosity [fb™]
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» As integrated luminosity increases, we project the
exclusion changes of 3 models

* Minimal Super Symmetric Model, Warped Extra
Dimensions bulk, Singlet

« Checked at 300fb~!, 1000fb~!, 3000fb~"
* Run 2 uncertainty scenario is used for Run 2
and 300fb~! results

» HL uncertainty scenario is used for 1000fb™"
and 3000fb~! results

tan B

* Minimal Super Symmetric Model

125
« hMSSM model and Mh,EFT

- Exclusion contours in the (tan f, m,) plane
» Warped Extra Dimensions Bulk Scenario

e Lower limit on the bulk radion ultraviolet cutoff
parameter (Ap)

benchmark

- Exclusion contours in the (Ag, mp) plane

CMS Projection

138-3000 b (13-14 TeV,
T

CMS Projection

138-3000 fb" (13-14 TeV,
T

« 10
— e 125 _ NNNNY
" hMSSM | | R\ X — HH, 138 fb" g °F My eer 7 [N\ X — HH, 138 1o
T IR S1 scenario 8 ] §$ S1 scenario
BN 7 A
7 | X = HH, 300 fb” 6 4 1 X = HH, 300 fo!
| S1 scenario | 81 scenario
[ NN\ 5 S | NNNNN
NN NN
- [ X — HH, 1000 o' + |R X = HH, 1000 b
L\ 82 scenario 1\ 82 scenario
X — HH, 3000 fb”! X — HH, 3000 fb!
S2 scenario S2 scenario
L L n N N s | L L L " n " 1|
300 400 500 600 1000 2000 300 400 500 600 1000 2000
m, [GeV] m, [GeV]
(13-14 TeV)
;‘ L ‘ T 1 171 ‘ T T 1T ‘ T 1 171 T T 1T ‘ T 1 171 ‘ T T 1T ‘ T 1 171
2 30f CMS Projection HH Combination
_'m ——Run 2
E o5l 300" (S1 scenario)
o 1000 fb™" (S2 scenario)
€ 3000 fb™ (S2 scenario)
E 20|
=
o
| il
15} 15
R
0
o

Bulk radion, kr_x = 35
| T |

0.5 1

1.5
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* As integrated luminosity increases, we project the 138 - 3000 o™ (18- 14TeV)
exclusion changes of 3 models CMS Projection 55612131 nary — s000 iy (52 sconr) ki = 1

 Minimal Super Symmetric Model, Warped Extra I M imocev | L“ e
Dimensions bulk, Singlet L\ 1 *
* Run 2 uncertainty scenario is used for Run 2 and 300 (ff!/———f
300fb~! results f ' ]

)\HHX [GeV]
o
]

W
=]
=

. Checked at 300fb~!, 1000fo~!, 3000fo~!

« HL uncertainty scenario is used for 1000fb~! and San ([N e AR sy,
3000fb~! results o \. AN :
» Singlet Scenario oo
« k; = 1 real-singlet model
« Exclusion contours in the (Azy, Sin &) plane Eim oo aey

100r

-1001

-300r

-5001

of 03 05 07 09 01 03 05 07 09
sina sina
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« Similarly, the same 3 channels are shown and projected
to 3000fb~!
» Uncertainty scenarios are similar to results from
X — HH projections

« With X — Y H we create a more dynamic phase
space for channel behavior

« YH — bbyy

- Useful to probe phase space with large my /my as Y
particle has low transverse momentum

« YH — bbrtzt

- Intermediate my /my region shows comparable

sensitivity with bbyy and equal weight in the
combination

- YH — bbbb boosted

- Useful to probe phase space with small my/my as Y
particle receives a large Lorentz boost, utilizing
boosted bbbb topology of the merged jet

10°

107

—
o
[
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107"

3000 fb™ (14 TeV)

TTTT | T T T T TTTT | T T T T TTT §1028
i CMS Projection -e— HY(bb) Combination | ire) 1 026
S2 scenario == H(wr)Y(bb) -?
[ Narrow Width Approx. H(yy)Y(bb) T
Assumes SM H BF ——H(bb)Y(bb) (merged-jiet) > 102
I —‘Z , M,=400 GeV (x 10") ] >
[ R o ] I

1 x
T*t._’v/ + M=500 GeV (x 10" . 1 g
0 17
—s ] o107 F

K=
N o M,=600 GeV (x 10°) ] ©
| P e i g 10
C m,=700 GeV (x 10° i £
/9“, X (x107) = 1o
B — . )
ey ] Q
B . | =
" ¢ M,=800 GeV (x 10%) ] 3 108
E O—g—0—0o—7 ] o
. R R I
[ + My=900 GeV (x 10%) ] n 10
| oo, " N o)}
L M o 1 10?2
/ + M=1000 GeV (x 10°) 1
L : > ) _ﬂ”g“v ]
\—."—_’/(”‘\;—;,;/-V —1
- - 10
Ll Lol [ R A
10? 10°

m, [GeV]

3000 fb™' (14 TeV)

- HY(bb) Combination
—— H(tt)Y(bb)
— H(bb)Y(bb) (merged-jet)

[ CMS Projection
S2 scenario
Narrow Width Approx.

Assumes SM H BF 20
v Mx=1200 GeV (x 107)

oo

W/

» M=1400 GeV (x 10'°)

%

+My=1600 GeV (x 10%)

|

» My=1800 GeV (x 10°)

|

v M,=2000 GeV (x 10°)

|

v Mx=3000 GeV (x 10°) ]

%

10° 10*
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3000 fb' (14 TeV)
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CMS Projection 3000 fb™" (14 TeV) CMS Projection 3000 fb™ (14 TeV)
* Next-to Minimal Super Symmetric Model $ %% wwsswusen 1 BS0F Guequeses ]
i i i —; 500} Exp. limit below max. allowed theory cross section '—; 450i Exp. limit below max. allowed theory cross section
« Compare maximally allowed cross sections with € | —Honven) S2scenario) - Theoyieut 1 E UF v eoscenaio) - Theory imput
. . —1 450} : 400} 7
the projections from 3000fb 400} S R ;
* Projections show large exclusion area asof 1 sk ;
- Y(bb)H(yy) — A ]
250} . . . « . ] L 1
500 < my < 1000GeV >l I
200} . . . N . { 150: .
100 < my < 350GeV 150F : ‘ ‘ : * | 100} ]
» Y(bb)H(bb) — g el e Bl o oo 2000 5o 60000 e 600 7005 1300
1100 < my < 1500GeV M [GeV) m [GeV)
CMS Projection 3000 fb" (14 TeV) CMS Projection 3000 fb" (14 TeV)
m <2OOGeV s Jw‘“w‘e(\:?‘”\H‘w”‘w‘”w‘”eu < 70— o‘j?cwo"”\”‘w‘”wmwmw”?‘
Y 8 L NMSSM (v5.6.2) ] 8 [ TRSM (2021-2022) ‘
= 450 Exp. limit below max. allowed theory cross section ] = 160[ Exp. limit below max. allowed theory cross section
1S 3 — H(bb)Y(bb) (merged-iet) (S2 scenario) ~ Theory input 1S [ — H(bb)Y(bb) (merged-iet) (S2 scenario) - Theory input
» Two Real Singlet Model (TRSM) 0% 1
.o . 350F 3 140 .
* Similarly compare maximally allowed cross ”l | g
section to projections 300 * “ S - ]
250 ] 120: ]
- Y(bb)H(bb) — | [
200} - . . ] 110} 1
900 < my < 1500GeV z z ;
150[ 1 100; . . . . . . . ]
110 < my < 135GeV T I | ;
100™3300 1200 1300 1400 1500 1600 1700 900 ‘1‘00‘0‘ 11 o‘o‘ 1200 ‘1‘30‘0‘ 1 ‘40‘0‘ ‘1‘50‘0‘ ‘1‘60‘0‘ 1700

m, [GeV] my [GeV]
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3000 b (14 TeV) 138 fb™" (13 TeV)

. . . 10°F T T ‘ T — T 1

« Shown HH and Y H projected results with datasets of size CMS Projecton = Combinaton - HHcomnain
HH — bb,yy = ]

300, 1000, and 3000fo™" 107} e . W 2 s

——HH — bb,bb (merged-jet)

——HH — bb, v
HH — bb,yy
—— HH — bb,bb (merged-jet)

Narrow Width Approximation

- 3000fb~! corresponding to the baseline HL-LHC

1 0 3 E idth Approximation
scenario over its lifetme 2 b N~ 1 r b N
U3 E 1072F 3
« Combination of projections show upper limits of X range from o | T ™

?Spin 0, ggF production

95% CL upper limit on o (pp — X — HH) [fb]
95% CL upper limit on ¢ (pp — X — HH) [pb]

50fb at My, 250GeV to nearly 0.01fb at My, 4TeV Spin0, s procton o Beced
-2 I I L | I I I E I ! Lol I I I e
1%x10'1 1 2 3 4 3x10™" 1 2 3 456
m, [TeV] m, [TeV]
« X - HH exclusion zones are shown for the MSSM, WED,
and Singlet models at 4 working points for integrated L e g o SERERTER S
|Umin08ity % o Sgllsferz?éechon 1 % % o0 ?g:ggved limit E émz %
800 1 E 7:10 >: 800 |- 7; ; >-,
700 | 185 E E ; 700; 7 =10 ;
« X = YH exclusion zones are shown for the NMSSM and oo ] % oo |- 1 >I<
TRSM models compared to their maximally allowed cross E & s e
sections wo (2] 5 ool .-
. . . 200 [ 17.0 E j; 200 | 161.7) 1323 15.4 104%
* Overall HL-LHC projections show strong results in all 3 00 [09] 8 o
channels investigated O 0 om0 o s om0 T O 020 o o T 0w o tm
my [GeV] my [GeV]

13




All"v[ TE &M

U N Dalenl - Yo

Backup

14




All"v[ TE &M

U N Dalenl - Yo

https://www.sciencedirect.com/science/article/pii/
S03701573240032237?via=ihub
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