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Non-resonant HH production

* SM di-higgs production ., W
provides a crucial o 1
test of electroweak | W ]
symmetry breaking : LI s
—dominated by V= %ﬁm + A vh® + )\hzhhh‘ﬁ N = m3 /(20°)

gluon-gluon fusion OSM ggHH = 33.497581(Scale) & 0.70(PDF) £ 0.77(as) fb
—Main production diagrams aXivi1610.07922

interfere destructively — reduces already small cross section
—Access Higgs trilinear coupling Annn

« BSM scenarios calculated via effective lagrangian

—Anomalous couplings #: = y;/y2™, ka = Mywn/Aang, and up to
4 new contact interactions can lead to large modifications in
production cross section and kinematic shapes

Chas, |
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Resonant HH production

Mx

* New particle X—=HH not present in SM GeVl

—Many BSM models predict X—HH 3000
production -

. S 2000
—Singlet model, MSSM, 2HDM, warped extra >
dimensions.... Lo}

—myx can range up to several TeV 0 000

— Search sensitivity varies from channel to 800
channel, and over mass range =

—Important to search in as many channels as @ 600
possible =
V)

—Benchmark models: Bulk Randall-Sundrum || = 00

WED — spin-0 Radion, spin-2 Kaluza-Klein r .

GraVItOﬂ L. Cadamuro

@
CMS. | & 7 (3
| § e Y
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https://indico.in2p3.fr/event/13763/session/0/contribution/53/material/slides/0.pdf

Final States

» Large number of possible final states

» Require one H—bb to N |
keep final state BFs BR HH—xxyy Iw

. (mH=125 GeV) =

higher Ww :
— _510—2

—H—bb provides g9
kinematic handle, = 10°

shared techniques T :
—5104

* Other H decay based 27 §

on BF ar_wd event o lo2eer .I
kinematics —— 10°

o _ bb  WW 99 T zZ oYY

—Disjoint searches provide >

complementary sensitivity in My for resonant
searches: bbbb, bbyy, bb&veéyv, bbTT

S
2
5
SIN oo N NAAR
s \8
SN %
)
OS2
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CMS-PAS-HIG-16-002 T 1 1
CMS-PAS-HIG-16-026 b b b b

- Highest BF of the searches v e
—Large multijet background %O%Hmmwy  owmia
estimated with data-driven :rf
technique g_
» Resonant analysis separated &
into 4-jet resolved - .
and high-mass 2-jet g )

m, (GeV)

boosted topologies

Non-resonant limits (fb) 2.3 fb!' (13TeV)

Category Observed Expected -2 —-1l0c +1oc +20
[£b]
SM H(bb)H (bb) | 3880 3490 2140 2540 5350 8350
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CMS-PAS-B2G-16-032
MS-PAS-B2G-1 Full 2016 dataset

NEW!

bbbb high mass

« High mass 2-jet boosted topology
—Each H—bb system reconstructed as single high-p- jet, 105<M;<130

—Jet substructure techniques and double b-tagger MVA suppress
backgrounds

—Data-driven background estimate from sidebands in double b-tagger and M,

—Signal separation through increased-resolution reduced dijet mass:
red
ij — ij _ (Mjl - MH) — (Mj2 — MH)

N

35.9 b (13 TeV
T | T

35.9 fb' (13 TeV)

T | T T T T |
Radion (AR =3 TeV)

> L | ] S‘ T | T T T T |
8 35000 CMS lMuItijets: bb .Multijets: b =10'=- CMS E
o = Simulation Prelimi . 2 - Preliminar —e— Observed 95% upper limit .
S 30000:_ Imulation Freliminary |:|Multijets: c |:|Multijets: light —: |g . - y - - - - Expected 95% upper limit —
"2 - Signal cross sections = 20 pb ] :;l\: 10 E_ Expected limit = 1 std. deviation_g
G>J 25000 :_ —— Bulk graviton: 1400 GeV =~ ----- Bulk graviton: 2500 GeV _: I ~ Expected limit + 2 std. deviation -
L - —— Radion: 1400 GeV .- Radion: 2500 GeV . (Y _
20000F- = x 10°@ =
- . m ]
15000 — x - 7
] < 10 = =
10000 = T E ;
; - ]
5000 A = 5 1E
. I W - | | | :

—1 | | | | | | | | | | | | | | | | |

1000 1500 2000 2500 iy 3000 10 1000 1500 2000 2500 3000
M;™ [GeV] M(X) [GeV]
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CMS-PAS-HIG-16-032

bbyy

» Utilize high BF of H—bb and

excellent mass resolution of H—=yy
» Mixed b-tagging categorization gives :
medium and high purity categories

* Improve signal resolution using
modified 4-body mass:

Mx = M(jjyy) — M(jj) +125GeV

« Signal and background modeled in
2D mj:m,, space
—Signal: Gaussian@Crystal Ball
—Background: Bernstein polynomials

* Non-resonant obs.(exp.) limits:
7.90(7.85) fb

LHCP 2017 David Morse

CMS Preliminary

L=2.70fo" (13 TeV)

10°

S wE )
K = | | Graviton M, =300 GeV 9gH(ry) $ Data (2.70 o)
g 10° _g — o AL~ 500 Gey IttH(yy) (Stat. Uncertainty
c = adion M, = e
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o 10'E
o ? 1 SM Nonresonan t HH I yy+Jets I VH(yy)
E
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200 300 400 500 600 700 800 900 1000
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CMS Preliminary L=2.70fb" (13 TeV)
o)
= " pp—X—HH—bbyy ---e-== Observed 95% upper limit
E ~ Spin-0 Resonance Expected 95% upper limit
8 | e Bulk Radion, A, = 1 Tey e Expected limit = o
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CMS-PAS-HIG-17-006 bB -QV QV Full 2016 dataset

—L20=ee, ey, uu * Require 12<mue<76

* Most backgrounds estimated from simulation,
including dominant tt

* Exploit HH event klnematlcs W|th parametrlzed

Deep Neural Net :
discriminant

used for signal

separation

_3 bm s .n m;; I e s ol
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CMS-PAS-HIG-17-006 bB -QV -QV R e S u |t S Full 2016 dataset

. @ 103 CMS Preliminary 36 fb™ (13 TeV) @ CMS Preliminary 36 fb (13 TeV)
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CMS-PAS-HIG-17-002 b btt Full 2016 dataset

35.9 b (13 TeV)

S’ 10F res. bb ut ¢ Data
¢ 3 Channels: (ig 1 ;gtla\lllln%nary channel " -tci)CD
HoThth / Thte / ThT, >85% of tt decays = s O
. E % 1 NN Slg.l-::?lgzrtainty
« 3 categories: 2 b-tags, 1 b-tag, S —me-moey
boosted (high mass) |
* My, and m, constrained to be |
consistent with my 10°

* 14T, final states reject tt background S T
BDT trained with kinematic and miy " [GeV]

35.9 b (13 TeV)

N\ bkg. uncertainty

-=== (k =1, SM) x 100
— (k' =20) x 10

angular variables 3 NS, o
‘\_ 105_ cD)rcc;ali-Yan
» Signal discrimination . v o
S 15— [ SM Higgs
&

—Resonant: HH system kinematic fit mf§5"
iImproves my resolution

—
Q

—Non-resonant: ‘stransverse’ mass mr,
designed for signal-background
separation

min vis

_ b1 b2 V18
2 = (pry+pry=pP7" system) maX[mT (pT y Py Ty 5 Mp )7 mr (pT y PTo s MMhg 5 Mer, )]

mr
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CMS-PAS-HIG-17-002

bBtt Resu ItS Full 2016 datgset

35.9fb™ (13 TeV)
35.9 fb-! (13 TeV) grgllliginary glél%ocbl-seEr)\(/ZIdUded: + 1o Expected
—_— : : ----- Expected + 20 Expected
03 Channels 2 ‘CMS bbm:+bber+bb17 = hMSISMIIIIII
: in limi E | preiminary " combnedchames | S35 ]
b d § 10F E :
combineda In IImit T 5 | |
. T . i
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E - 3 2.5:— _
. - F . _
*Resonant analysis : | 1 . _
3 10 —— Observed Cls ™ I
" - - Expected CLs | -
interpreted as O [ o Eztziz;zdﬂz e |
: o L Beededee ] 1
model-independent & w0 se w0 o e w0 b B L
mg [GeV] 200 250 300 350 400 450 500

m, [GeV]

Narrow resonance

. CMS preliminary 35.9 fb' (13 TeV)
and in hMSSM < F A
1000 CMS preliminary 35.9 fo™ (13 TeV) 1_5:_
2 F e observed Db ut, +bbet +bb :
[ N O n — re S O n a n t — 900 ;_. ; Exssal:d ClLs ...................... MT ......... C om'b;'é'd"éh'a'nzél“s' ..... 1_L //, .
E oof MmEsemzr [y SoToneeemes .
ana |y5| S obs. 1 00f SR IOIEIN e » 05l
T o N
E 6005_.. ................................................................... O:_
(exp.) 95% CL oo T |
. . S 4002_ .......................................................... _05:_
limit set at 3 soo RN A -+ :
* O\L; 200; _1:— x'/"
o - X .
28 ( 25 ) SM 100} 5 P
S B T A
1 %20 -10 i\'|¢...|..|..¢.|.'A..|....|....
eXpeCtathn K, /K, 20 15 40 5 0 5 10 15 20

[ ]Observed 95% CL excl. Expected +1c ¢ SM k
- - - Expected 95% CL excl. Expected +20 ¢,=c5=0C,,=0 A
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Summary of Results
NEW!

2.3-36 fb™ (13 TeV
| |

N

A-IO? | | | | | | | | =
13TeV non-resonant = CMS ~—————— bblviv (CMS-PAS-HIG-17-006, 36 fo") -
T .6 Preliminary
observed (eXpeC’ted) %10 Assumes SM Higgs BR ~ =————— pbrt (CMS-PAS-HIG-17-002, 36 fb™)
. o
0/0sm 95% CL limits 2 5 ———— Dbbbb (CMS-PAS-HIG-16-002, 2.3 fb
o8 (25) 35.9 fb! ”’>T< ————— bbbb (CMS-PAS-B2G-16-026, 36 fb”)
Q. 10* —————— bbyy (CMS-PAS-HIG-16-032, 2.7 fb’)

WA 79 (89) 359f01 | 2

NS — Observed

SICE N, e

.E ........ --- Expected
91 (90) 2.7fb"! [ = K

O

o
342 (308) 2.3-2.7 fb! |«| 1§ 1°
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n:_H—»bottom bottom”, digital art, 2013

of physicist Pete Markowitz), “In search of the Higgs boso

r Cortada (with the participation

Xavie

Conclusion

* Searches for HH production give both insight
into the nature of electroweak symmetry
breaking and searches for new physics

* CMS has a suite of HH searches which are
disjoint and complementary across a large
mass range

—So far no sign of SM or BSM HH production.
Current best limits: 28*ogy

—Multiple analyses still to update to full 2016
dataset

* (B)SM HH will be tested as we transition
from energy-scaling regime to the
luminosity-scaling era of the HL-LHC

—Improving analyses, adding new final states and
combining results will be crucial to success

&%) LHCP 2017 David Morse Di-Higgs Production with CMS 17 May 2017 1 4
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Non-resonant HH production

g h g Ky h
, -
/
/
h /
_____ </<;/\
\
\
\
\ - - _
K_‘, -
g h g t h
g h g h g h
/ // /
/ e 7
/ - -
7 /
// 2g/// //
_______ Ky CZt
h \\ S \\
~ N
\\ \\\ \\
\ ~ N




Non-resonant HH shape

50.025[-
- B = K\ =0 only box diagram
0.02 = Ky=1SM
= K\ = 2.45 maximal interference
0.015 = K\ =20 mainly triangle diagram
Ki = Anhn/AnnnSM
0.01
0.005

850 /300 350 4oo 7450 500 550




CMS-PAS-B2G-16-032 b b b b - Full 2016 dataset

NEW!

35.9 b (13 TeV) _ - - - |35.9 flb'1 |(13| TeIV)
| 10° g_ C|V||S ' — Radion(A,=3TeV) _§' | 10° C|V||S : O:Hl( KK:rgas\:iton (é/@ =.to.1) _El
= .. —e— Observed 95% upper limit - - . serve o upper limi -
| = Preliminary - Expectod 955 u::er o : | = Preliminary - - Exoectod 95% unmor limi .
10° = I Expected limit = 1 std. deviation 3 10° 3 I Expected limit = 1 std. deviation 3
; Expected limit + 2 std. deviation ; E Expected limit + 2 std. deviation E

102 10 &

s(pp — X) x B (X — HH — bbbb) [fb]
o(pp — X) x B (X — HH — bbbb) [fb]

10 —= 10 =
1= 1=
1 0_1 B | | | | | | | | | | | | | | | | | | | | | ) 1 0—1 \ | | | | | | | | | | | | | | | | | | |
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
M(X) [GeV] M(X) [GeV]
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95% C.L. limit on o(pp — hh) x BR(hh - bbVV — bblvlv) (fb)

Kt

CMS Prelrmlnary

bboyoy

=

o
>
'

103 4

102 4

10t 4

[y

o
=)
'

—_— Observed 95% upper limit
Expected 95% upper limit
,,,,, mm isddeviaton o

2std. deviation
;. —— Theory

36 bt (13 TeV)

SM (K)\ 1, K= 1)

20 -15  -10

2.50

CMS Preliminary

’

2.25 1
2.00 1
1.75 1 '
1.50
1.25
1.00 A &
0.75 1 'mva“"
050 -
pp - hh - bbVV - bblvlv

0 5 10 15 20
K/ Ky

36 fbt (13 TeV)

BR(hh - bbVV - bblvlv) = 2.72 x 1072

20 -15  -10 -5 0

[T Observed excluded (95% C.L.)
Expected excluded (95% C.L.)

f

5

10

I 1 std. deviation
2 std. deviation R

15 20
Ky
O sSM
Theory

LHCP 2017 David Morse

95% C.L. limit on o(pp — X, spin 0 — hh)x BR(hh — bBVV — bblviv) (fb)

95% C.L. limit on a(pp — X,spin 2  hh)x BR(hh — bBVV — bblvlv) (fb)
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Summary of Results

NEW!
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Run1 Comparison

17.9-19.7 o™ (8 TeV)

CMS

yybb (arXiv:1603.06896)
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Assumes SM Higgs BR bbbb low mass (PLB 749 (2015) 560)

bbbb high mass (arXiv:1602.08762)
ttbb low mass (PLB 755 (2016) 217)

3 ——————  Ttbb mid. mass (CMS-PAS-HIG-15-013)
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radion Ag=3TeV
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---- Expected
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