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- HH hes at CMS
2 HH production SRS ¢

Marcel Rieger

e Search for HH production $V<¢>
1. Allows to probe parameters describing the Higgs field potential |
2 (2 2 '
m m m .
- V= | W+ | 2R+ e . V) =~ (67p) + 4 (d79)
2 2V U

Higgs discovery  Higgs self-coupling =
(2012) (2077) o) Im(g)

2. Effect of cov. derivative D, on ¢ in Ly
> Yields additional quartic VVHH coupling

—
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Signal enhancement 0% / o7
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e Focus on non-resonant SM production in the talk
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HH searches at CMS

Event kinematics & effect on analyses .
Marcel Rieger

o My spectrum depends on kj

s Softer for large | kj |
m Hardest close to max. interference + double structure

= _
8 1072 ¢ Kx=1.0 === - %
= - Fa= 2.0 === O 1072 Fa= 1.0 == -
. == ==—==_ Fa= 2.4 m== | = === Fa= —1.0 m==
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o :—f_ 755;:—__=———=_ § = - E__%:_ Kx=15.0
F L Bae=————_" = [ = — do(fb) o2
g1 LHC 14 TeV = g1t e S 0.15 _
= PDFALHC15 = S ; LHC 14 TeV e dMpn(Geyv) 0.10 ° arXi:1910.00012
1075 L NLO, 11 = mp/2 | — 1070 ¢ PDF4LHC15 ] 0.05} |
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My, |GeV] 800
e Effect on analyses
1. Large ‘k)\‘ Cross section enhancement

v Sensitivity due to enhanced cross section weF 4 VBF

X Soft myy spectrum reduces selection efficiency
2. Medium ky

v Hard my; spectrum leads to clear (possibly boosted) signatures
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X Enhancement low or even negative

e Modeling of HH (and single H) depending on (kj, k;, k;, ky) in backup R


https://arxiv.org/abs/1910.00012

Results in particular
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e HH — bbbb resolved (Phys. Rev. Lett. 129, 081802)

s Large BR, large backgrounds
bh B (HH — xxyy) 5

my = 125 GeV e HH — bbbb boosted (arXiv:2205.06667)

s Merged jets topology

WW 4.6%

e HH — bbrr (arXiv:2206.09401)
s Sizable BR, small backgrounds

T 2.7% 0.39%

o HH — bbZZ(4l) (arXiv:2206.10657)

= Small BR, moderate backgrounds

‘ IIIII | IIIIIIII | IIIIIIII | II_

HH — bbyy (JHEP03(2021)257)

= Small BR, very clean mass resolution

o HH - WWWW + WWrz + rrrr (arXiv:2206.10268)
s  Multiple small BRs, various final states


http://10.1103/PhysRevLett.129.081802
https://arxiv.org/abs/2205.06667
https://arxiv.org/abs/2206.09401
https://arxiv.org/abs/2206.10657
https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf
https://arxiv.org/abs/2206.10268

6 HH — bbbb resolved HH searches at CMS

Marcel Rieger

e Phys. Rev. Lett. 129, 081802

CMS 36 fo' (13 Tev) CMS 36 b (13 TeV)
£ 300 HH > bEbD  § 2016 Data £ 60 HH bbb § 2016 Data
o ggrlow-m_. gl Bkg. model o VBF SM
S . _HH . I Bkg. model
() Strategy L 250 A region § Bkg. unc. i 50 A region W Bkg. unc.
_ _ ——— SM ggF-HH x 100 ~—— SM ggF-HH x 50
m  Select events with resolved b jets = VBF-HH (=2} x 300 —— VBF-HH (x;y=2) X 20

s Rely on CMS DeepJet efficiency (~75%)
and b-jet energy regression

m Simultaneous fit on distributions

~ BDT in ggF-like categories
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Data/BKkg.
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BDT Output my, [GeV]

M 138 fb™ (13 TeV

— 4000 : : SR

=, 957 & ppor Irnis All categories

— — V ) o =

]Tev:;) (séez%a_za)ne One large-coned % BECLLLLE Median expected HH — bbbb T

/l\ 3000 __ BN 68% expected ............................ .................. __

TH) [GeV] 8_. i 95% expected |

PT( ~ | —— Theoretical prediction .
e Results 5 2000

s Upper limit on oyn/osm of 3.9 (7.9)

s Upper limit on oygg/osu of 226 (412) 1000

a Constraints ky € [-2.3, +9.4], koy € [-0.1, +2.2]



http://10.1103/PhysRevLett.129.081802

7 HH - bbbb boosted HH searches.at CMS

Marcel Rieger

o arXiv:2205.06667

1 (13 TeV)
>, SRR RS RERE R R R EERERREERE
EdgeConv Block 3] :
k=16??: :r(lg4, é’i 64) o - CMS
(S | Simulation Preliminary
o Strategy ;dgeconv BIOCl'( = 101k HBE ve. GCD muttjet |
. k=16, C = (128, 128, 128) ro) - 500 <p_ <1000 GeV, n**"l < 2.4
s Exploit boosted topology for ky, koy # 1 S [ soemg<taey
( ;d Conv Bl i: | % | DocPARS
. . n C . -
s Select events with two large-cone jets k16 (°2+5; Soe, 256) 2 10}  DespAKEMD 1s
r x - - ParticleNet-MD :
> pT > 300 GeV Global Average Pooling 0 - ¥ DeepAKS8-DDT (5%) §
- ¥ ’ . |+ DeepAK8-DDT 2%) .- a N
( | 10° +H o
C
> [n] <24 o ™ 15
. . . v x""‘
s Distinguish between large-cone H — bb e - =
. . . 2 10 R A R A . A W T W
) g 0 01 0.2 03 04 05 06 07 0.8
and QCD jets using GNN (ParticleNet) , : : 3> 9837 0
Softmax
e Results NS e 13'(13TeY) |
. . CMS Preliminary — Observed o B8 Expected £ 1o ] =
= Upper limit on oyn/osm of 9.9 (5.1) B[ rmnemnt Ty meonon 55 a2 :

s Constraints ky € [-9.9, +16.9],
and kyy € [+0.62, +1.41]

m First analysis to exclude kyy =0

95% CL limit on o(pp — HH)B(bbbb) [fb]

e More in Irene's talk after the break



https://arxiv.org/abs/2205.06667
https://cms-ml.github.io/documentation/inference/particlenet.html
https://indico.ijclab.in2p3.fr/event/7779/timetable/#80-search-for-lorentz-boosted
https://cds.cern.ch/record/2707946

HH searches at CMS
8 HH — bbrt
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o arXiv:2206.09401

o Strategy Triggers

H candidate sel.

s larget both ggF and VBF modes

2 VBF cand.?

s Profit from CMS DeepJet and DeepTau object taggers

s Split into resolved, boosted and VBF phase spaces boosted?

n Further divide VBF phase space using multi-class classifier ) (e ) (e )

C
Fit DNN in 72 resulting categories @F)[(ggF)CttH) C lbtag/)c\;btag |
C .tftiep) Cc.thad) C DY )

e Results
= Upper limit on oyn/osm of 3.3 (5.2)
. CMS e — Ibb|1:t,|13|8flb'1l(1i|3TleVI) _ CMS e — ltl)brlr,l13l81rb'1l(1l3l'l'eIV)
N U DD er ||m|t on GVBF/O'SM Of 124 (154) g 1O7§L Exi]]it=_11 [ Drell-yan [ SingleH —e— Data jg g e Ky = Ky = Koy =1 — Observed ~ ----- Median expected i
[ 106; v Ry T g ] Others N Backgro'und (post-fit) _; é F ~— Theory prediction [E98 68% expected .
~ Best expected HH VBF limit at CMS o ace N - o erpese
§ . ggF+VBF —§ =
s Constraints ky € [-1.7, +8.7] ok 17
. 103;_ —; \%
s Constraints kyy € [-0.4, +2.6] o ] s
L
10 43
I
. . . _ 18 §
e More details in Valeria's talk g 1T
c\% ;g_ a * ® @ ® . @ \ _
O 06, oy SR N E R RS S U SR S
-6 -5 -4 -3 -2 -15 -10 -5 0 5 10 15

—1
Pre-fit expected Iogm(S/\/E) K


https://arxiv.org/abs/2206.09401
https://indico.ijclab.in2p3.fr/event/7779/timetable/#51-search-for-non-resonant-hig

O HH — beZ(4l) and HH — mu|ti|epton HH searches.at CMS

Marcel Rieger

o bbZZ(4l) (arXiv:2206.10657)

® Strategy | 1881 (13TeV) 138 fb™' (13 TeV)
. é:zz CMS Bl oo~ ZZ > 4 3105,5.' o —'Thleor'etlcalpre;iictnon lé
s Select 2 pairs of OS leptons 8 o - CMS = Theoreinl socemarios
e moeeey-zw LT L Expocted 95 CL I -
' ,where v = £,
> 40 (12) <my (mz) < 120 GeV 13; - = tvesns
, - = HH — bb4! signal -
> 115 <my; < 135 GeV

95% CL upper limit on o(pp—HH) (f

m Select 2 b-jets with highest score (DeepJet)
m Fit BDT distributions jo+Ere b BB S o
e Results g E
s Upper limit on opp/osm of 32 (40)
1W; E
s Constraints ky, € [-8.8, +13.4] S S S P B
K
e multilepton (arXiv:2206.10268)
PS Strategy i C'M'Sl _ ]2L”SS 138fb (1C§'I"e'V) 3.5CMS — HH—>MuIt|Iepton | '1'3$ft|)'1'(1l3"l'elV)
T 10t B \Misid. £ Otherbkg sz o _ ]
m Combination of 7 categories involving leptons 2 17 F o Conversions [Z]Charge Misi, [l Singe H N3 B 6% expected Observed ;
g g p W40 B zz $ Data % Uncertainty i 95% expected @ ==== Median expected 1

:— — Theoretical prediction _

N
&)

> HH — WWWW, WWrz, trrt decay channels 1ot [ T SMHHX®0
s Lower lepton thresholds beneficial at high |k MW

s BDTs fit in all categories Mgy

—
o)

// ///// 77 e

e T e N | l— s 77 aaassell
[ e I_ '

e Results .
s Upper limit on oyn/osm of 21.3 (19.4)

s Constraints k) € [-6.9, +11.1] N Bin number.

95% CL upper limit on o(pp — HH) [pb]
™

Data
Expectation



https://arxiv.org/abs/2206.10657
https://arxiv.org/abs/2206.10268

Combination results
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11 HH combination Marcel Rieger

2016 data Run 2 combination
Phys. Rev. Lett. 122 (2019) 121803 Nature 607 (2022) 60
CMS 138 fb' (13 TeV)
LI I I I I I I I LI I I I I I I I LI I
y K =K =1 —e— Observed ~ ----- Median expected
CMS 35.9 fb! (13 TeV) Ky =K, = B 65+ cxpoctoc
bbVV - ----- 95% expected
Observed 78.6xSM
Expected 88.8xSM — —
[ bb ZZ
bbbb Expected: 40 new
Observed 74.6xSM ? Observed: 32
Expected 36.9xSM — ]
- 99— HH Multilepton
bbrrt Expected: 19 N eW
Observed 31.4xSM R Ob d Observed: 21
Expected 25.1xSM serve B T
: bb .
_ - -- - Median expected A x 3 improvement
bbyy "
Observed 23.6xSM - 68% expected Observed: 8.4 - —]
Expected 18.8xSM
95% expected bb :
— B o— ST Expocted: 5.2 X 5 improvement
Combined Observed: 3.3
Observed 22.2xSM - —
Expected 12.8 xSM .
1 1 | | | 1 | 1 I 1 1 Exbebcgd4o X 5 Improvement
6 78910 20 30 40 506070 100 200 300 400 ObZerved.' 6.4 ]
- (x 30 in boosted ch.)
95% CL on o,,,,/ot} _
Combined
Expected: 2.5
Observed: 3.4 I I
1 10 100
95% CL limit on o(pp — HH) / oTheory

e Run 2 combination

s Observed (expected) limit at 95% CL on o/06g;, measured as 3.4 (2.5) s

Major improvements due to A
e 2016 data =» Detector upgrades & trigger development

s Scaling expected 95% CL limit of 12.8 = CMS reconstruction & object tagging

to Run 2 luminosity would imply a limit of 6.5 =¥ Improved analysis techniques

=» Additional decay channels
\_ g Y,



http://dx.doi.org/10.1103/PhysRevLett.122.121803
https://www.nature.com/articles/s41586-022-04892-x
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12 Constraints on ky and koy

Nature 607 (2022) 60
k)\ k2V
o CMS 13817 (13 TeY) o 1 lMs 1881713 TeY)
:\: L K=k =Ky =] — Observed ~ ----- Median expected ] :\: ; K =K =K, =1 — Observed ~ ----- Median expected :
%:' —— Theory prediction [B88 68% expected % —— Theory prediction B8 68% expected
s v == 95% expected S L e 95% expected
E N S : S
p 10 \ N\ T \
Q \ \ o 10°F x =
=1 \ N Q N
5 \ ° §
S N 5 A\
S \\ S \
E \\ E Excluded Excluded
3 1 \ .
- 10° \ x - -
273 § § % 10 R \
Excluded \ Excluded | \ \
\ \ N
) § 1L
10 0 0 L 0y |.§| Ll 1 | RSN \| L |
-6 -4 -2 0 2 4 6 8 10 -2 ~1 0 1 2 3 4
K, Kov
-1
o ky _ooCMS 138107 (13TeV)
MN [ F=Ry = + Observed —68%CL |]
s Observed constraint at 95% CL to [-1.24, +6.49] : 0 SMHiggs  ---95%CL ||
150 3 -
m Observed constraint at 95% CL to [+0.67, +1.38] | ]
. . o5 T ]
n koy = 0 excluded with 6.6 (assuming SM values of other k's) | -
~ Establishes quartic VVHH coupling for the first time L P -


https://www.nature.com/articles/s41586-022-04892-x
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13 Summary

Nature 607 (2022) 60
e Searches of HH production at CMS aim to investigate both tri-H and quartic VVHH couplings

— Five decay channels published and combined

— Ongoing efforts to include more decay channels and production modes s — 1981 (13 ToV)
Ky =K = —e— Observed  ----- Median expected
Ky, =Ky, =1

B 689% expected
----- 95% expected

e kj constrained to [-1.24, 4+6.49], k,, to [+0.67, +1.38] wzz |

Expected: 40
Observed: 32

o ks, =0 excluded with 6.60 assuming otherwise SM couplings Vutiepton

Expected: 19
Observed: 21

e Combined upper limit on inclusive HH production observed as 3.4 x SM -

bb yy

Expected: 5.5
Observed: 8.4

— Run 2 expectation exceeded -

bb Tt
Expected: 5.2
Observed: 3.3

bb bb

e EFT interpretations and resonant HH searches on the horizon

Observed: 6.4

mbin
e Exciting years ahead! Combined
Observed: 3.4 I I
1 10 100
95% CL limit on o(pp — HH) / ©
Theory
g [[ CMS 138 fb™ (13 TeV) CMS 138 fb™ (13 TeV)
‘._8 [ T | T T T | T T T | T T T | T T T | T T T T T T | T T T | T T T | T ] ‘._8 103 _— T T T T | T T T T T T T T | T T T T T T T | T T T T —_
\QQQQQ) / =~ L K =Ky =Ky =1 —— Observed  ----- Median expected - =~ E K =K =K, =1 —— Observed  ----- Median expected E
kt ,/ % ~— Theory prediction [ 68% expected % ~— Theory prediction B8 68% expected
t ‘ _" k é ----- 95% expected \E/ ----- 95% expected
---- T T
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Q0000 Z o>
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O 10%f O
N X 10
LO o) C
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https://www.nature.com/articles/s41586-022-04892-x

Backup



15 HH signal modeling
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e Morphing between shapes produced at discrete (kj, ki, ki, ky) points used for template fits continuous in all k's

3
Dok k) = 7+ Py D S (K k) - D!

6
D, ko, kys k) = 7+ 1 - Zf j]qhh(kzv, ky,k;) - D cquhh

(morphed shape) (coupling strengths) (morphing fractions) (discrete shapes)

s Additional effects modelled (backup)

~ ki dependent QCD scale + myo, uncertainty on HHggr

~ Scaling of single Higgs background cross sections with k's

~ Scaling of Higgs branching fractions with k's

e Signal model available publicly (based on CMS "combine" tool / RooFit)
s Basis for all Run 2 HH analyses at CMS
s Also used by some FCC projections (non-CMS)

Morphing fractions féghh,qqhh
from parameterization of amplitudes

at guidance points
(backup)

Same effects as presented in
Alkaid's talk on ATLAS H+HH



https://gitlab.cern.ch/hh/tools/inference
https://indico.ijclab.in2p3.fr/event/7779/timetable/#49-combination-of-higgs-boson
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16 HH ggF modeling

A — ki o T -+ k2 B

olki k) ~ |A2 = k2l2|T)2 + k4B + k3l |TB+ BT
—  k2k2t  + kb  +  k3ki

triangle bOoX interference
e Vectorized: 6 =c(k,k)-v with ¢ = (kk7, k', KK and v = (1,b,i)
o ci ¢ ¢ t
e For three (x,, k,) guidance points: c=c¢c-V oo | =|c3 5 3| |b
03 cx i o3 2
e Invert to obtain morphing fractions: ok, k) = ¢'(x,k)-Ct - o
cross sections vector of cross sections

at K, K; morphing fractions at guidance points
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17 HH VBF mOdehng Marcel Rieger

a=[A]?, b= [BP c=|CP
isp = |[A'B + B*AJ, ie = [A*C + C*AJ, ipe = [B*C + C"B|

@
/ >
1 H CV
Cv
q N
LA = cvin A+ cv? B +  covC
o(ky, cv, cov)~[A]2 = cv?lZa+ cvt b+ cov?c + cviloda + cveavkda + v Cav ibe
e Vectorized: o = c(cy, Coy, Ky) = V
/ C? K32 [ a,\
C? b
. . C’QQV C
e For three (x,, x,) guidance points: c=C-V o(kx, Cv,Cay) = O3 | .
v Lab
CVK;)\CQV Z'ac
\ C¥Cav ) \ine
e Invert to obtain morphing fractions: o(cy, Coys k) = ey, epnk)-C1 - o
Cross sections vector of Cross sections

at k), K, morphing fractions at guidance points
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18 Modeling of Higgs contributions

e Single Higgs background cross sections and Higgs BRs also depend on (kj, k;, ky)

o vs. ky o vs. ki BR,, and I's vs. ky BRs vs. k,

(arxiv:1709.08649) (arxiv:1307.1347) (arxiv:1307.1347) (arxiv:1607.04251)
§1o7§][..|,,..|....|....| llllllllllllllll 5 = 10T 'I""I"'\': 45 O SO— S RN TN A S SBRI%
T [o(pp » H(H)+X) —& 1 © Ff \G(PP - HH)}+X)/o_ = |- .\ | |—ScalingBR | [%]
= 10°k-{5=13 TeV —WH ) (8=13 TeV . AE- Nt Rorocdeond . = SRR i
= g I st /)
= T+ \ = 2 LT el

B \f 3:_ ] _ Sca“ng FZZ | .............
10°F - i T L I N S T N S
z 5 :

o
102k 3
ol
—120 —158 10 -b 0 o 10 15 K20
K

e Both scalings implemented in our physics model for cases where

s different non-SM combinations of (kj, k;, ky) are tested, or

m (ky, ki, ky) are allowed to float during fit


https://gitlab.cern.ch/hh/tools/inference/-/blob/master/dhi/models/HBRscaler.py
https://arxiv.org/pdf/1607.04251.pdf
https://arxiv.org/pdf/1307.1347v2.pdf
https://arxiv.org/pdf/1709.08649.pdf
https://arxiv.org/pdf/1307.1347v2.pdf
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— CMS Simulation - 13 TeV CMS Simulation Supplementary arXiv:2011.12373
e JHEP 03 (2021) 257 5 oul GOFHHoWBD & ggFCATO | B f T
(LfD) F . 3 ' ;u=114.82+0.oseev i?:::\oz::e:l;:sedms
S 0351 {FSimmation ; E 0.04§§ oo o P st After correction
® Strategy % "2 — Parametric _ § 000::_0 A Before correction
: L% 3 e E - 0.025
m vy selection 025 = 150GeV : 0oz,
*18E FWHM = 3.20 GeV : oaet
- =3. e - -~ 7
> pTl (pTz) > 033 (025) . m},}, 0.1F J : 0.01:' N
0.05 F- / \ 0,005} g
> 100 < m < 180 0;_;._. byl 8090 100 110 120 130 140" 180 160
}/}/ 105 110 115 120 125 130 135 14( m, (GeV)
: (GeV)
> m,, resolution of 1.4 - 2.0 GeV o
CMS 137 fb’ (13TeV) CMS 137 o' (13 TeV)
. > > 10°F T T
u bb selectlon &5 ZggHVBFH 5 ¢ Data 77ggH E5]VBF H
_ _ _ - — SM HH-yybb x 10° [ IVH [T]tiH o 10°F —SMHH-yybbx 10° [ |VH [JtiH
>~ 2 jets with highest b-tag score (CMS DeepJet) 2 3 o S—
o 3
(L @ 10°

> 70 < mbb < 190 GeV
> b-jet energy regression

m 2D maximum likelihood fit on m.. and m

Jj 194 b i
100 110 120 130 140 150 160 170 180
m,, (GeV)
o RESUltS ,CMS 137 fb! (13 TeV)
- 95% CL upper limits —
- ——— Observed HH — 'beb

a Upper limit on oyy/osm of 7.7 (5.2)

s Upper limit on oygg/osm of 225 (208)
s Constraints kj to [-3.3, +8.5]

s Constraints kyy to [-1.3, +3.5]

6, B(HH — yybb) (fb)
OD

BT Median expected
~ I 68% CL expected

__ 95% CL expected
.& — — Theoretical prediction
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https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf

