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Physics Motivation

* Higgs boson pair production in association with a top-quark pair plays an important role in Higgs
physics
» It provides a direct measurement of the top-quark Yukawa coupling y;

* It provides a measurement of trilinear Higgs self coupling 45 in the Higgs potential,
2
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 ttHH does not have destructive interference terms at LO
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Diagrams for ttHH at LO

e Thus ttHH is an important rare process to study with the largest available datasets
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Cross sections and Rates

* The ttHH production will benefit from larger statistics in Run 2 (~140/fb), Run 3 (~300/fb) and HL-

LHC (~3000/fb).

T T T T T T
HH production at 14 TeV LHC at (N)LO in QCD
i e M,=125 GeV, MSTW2008 (N)LO pdf (68%cl)
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Cross section at (N)LO as a function of self interaction
A. The dashed (solid) lines correspond to the LO
(NLO) results

arXiv: 1401.7340
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At 13 TeV: o(ttHH) = 0.775 fb (NLO QCD)
At 14 TeV: o(ttHH) = 1 fb (NLO QCD)

ttHH 1s expected to have ~ 3000 events at
HL-LHC

ttHH


https://arxiv.org/abs/1401.7340

Previous CMS Related Analyses

CMS Collaboration, “Measurement of ttH production in the H — bb decay channel in 41.5tb—1 of

proton-proton collision data at sqrt{s} = 13TeV.” CMS-PAS-HIG-18-030.
Leo6nidas Augusto Fernandes do Prado, “Exploring the Higgs sector beyond the standard model with

Events expected

Best fit (u) Obscrved A g es
Observed 32.9
Expected (Medic 28.9
95% CL upper limits on u ! kel ( edian)
Expected (68% CL range) | [20.1, 42.2]
Expected (95% CL range) | [14.9, 59.6]

PhD thesis

Wei Wei (UC Davis)

Goal: perform ttHH(tt—SL, HH—bbbb) analysis using full Run 2 data (2016 - 2018).
We are following the 2017 analysis strategy with an updated analysis framework.

the top Yukawa coupling: a phenomenological and experimental search”, PhD thesis, 2020.
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PhD thesis

We expect tighter bounds on the signal strength (1) and begin searching for deviations from the SM.
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https://cds.cern.ch/record/2675023.
https://inspirehep.net/literature/1818617

Event Selection

* Baseline Selection is the same as the ttH full Run 2 analysis (in progress)

Number of leptons 1
pr of lepton (e/u) [GeV] > 30/29
pr of additional lepton (e/u) [GeV] <15
|n| of leptons and jets <24
Number of Jets =>4
pr of jets [GeV] > 30
Number of b tagged jets =3
PSS [GeV] > 20

Wei Wei (UC Davis)



Results

*  Currently using simulated 2017 SM samples:

Type MC sample Events
A Signal ttHH, HH -> bbbb, madgraph+pythia8 9888000
A | Background ttH, H -> bb, powheg+pythia8 8000000
Background TTToSemilLeptonic, powheg+pythia8 110014744
A | Background TTToSemilLeptonic, powheg+pythia8+new pmx 43732445
A : used for DNN training Variables
N _BTagsL
* Results: N _BTagsM
N _BTagsT
- Jet CSV
nGen Selection Jet:E
ttHH 9888000 1294101 ie:_gf
€
ttHbb 8000000 616670 N-tupling trees Evt Deta_JetsAverage
ttSL 43732445 | 353896 are produced RecoHiggs_M




Deep Neural network (DNN)

tFHH All variables
tt —>
ttH

Fit to data <:|

Obtain 50 variables

DNN #1 _

Discriminators <:|

2 training categories:
>=4 jets && >=4
tagged

>=4 jets && >=3
tagged

Wei Wei (UC Davis)

DNN #2

DNN

A 4

Obtain ~ 20
variables

ttHH

@a=| |

Single t




Confusion matrices

* DNN training with all variables

>4 jets,> 4 b — tags

ROC-AUC = 0.806

ugleleldl 0.253 0.130 0.105 0.092 0.046 0.071 0.304

jig 0.011 0.011 0.085 0.096 0.134 -0.034

i}l 0.032 0.026 0.174 0.116 0.208 [ 0:404" 0.041

true class

jiel 0.039 0.099 0.235 0.226 0.066 0.247 0.088
12} 0.067 0.098 0.247 0.180 0.133 0.169 0.106

uiele) 0.138 0.276 0.183 0.109 0.045 0.073 0.176

ttHH 0.062 0.061 0.020 0.025 0.017 0.129

ttHH  ttbb  tt2b ttb ttcc ctjtlf dtﬂ?bb
) predicted class
CMS Work in progress

> 4 jets,> 4 b — tags

CMS Work in progress
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Effective Field Theory Search

ttHH is sensitive to Higgs self coupling, thus is also interesting for BSM physics searches
Effective field theory: It studies possible deviations from SM below the energy scale and thus could reveal
new physics (beyond A) without knowing the ‘real’ theory.

EFT breaks down

EFT L = Lgy + 6L (6D and higher operators)
SM

A simplified EFT model is developed to study ttHH independently of ttH by introducing higher order gauge-

invariant operators

G,v3
AL = 9t eenp = 22

tthh
2v V2

Wei Wei (UC Davis) 10



EFT Study

Built the EFT model and generated MC events for
ttHH

Higgs is produced at higher pT due to the new

Events ( scaled to one )

vertex
SM: o(ttHH) = 0.7494 fb
g = 0:0(ttHH) = 0.7387 fb
g =1: o(ttHH) = 1.959 fb
g: = 5: o(ttHH) = 2091 fb
g: = 10: o(ttHH) = 76.16 fb

number of events

Observe an enhancement around the Higgs mass in

the single b-jet mass spectrum

These features provide new handles for signal
search

Wei Wei (UC Davis)

0.1

0.08

0.06

0.04

0.02

(=]
(=]

CMS Work in progress

I I Gl SR G SR U N T
100 200 300 400 500 600 700 800 900 1000

—— tthhSM
— tthh_gt_0
— tthh_gt_1

— tthh_gt_5

— tthh_gt_10

p [h] (GéV/C)

single Minv(AKB b<h)

3

10?

CMS Work in progress

PRI BT S S A B

| TR

—SM

— gt1

i

80 100 120 140 160

180 200

single Mm(AK8 b<h)

11



Summary

* Presented a preliminary SM search for ttHH (tt—SL, HH—bbbb). A first iteration to set up the
full DNN categorization procedure is in place.

* Showed kinematic results for ttHH in a simplified EFT model. Observe deviations from SM in single

b-jet mass spectrum.

* The ttHH process will become more and more important as CMS accumulates data in Run 3 and HL-
LHC

Thanks for your attention!



Backup

* Top quark
lvl le
3
t > bW, W -
7T ~ 2
qq":T =~

Semi-leptonic (SL) : tt » bW bW - qq’ lv;:

e H ->bb:T =057

« tE(SL)HH (4b):T ~ 0.57 X 0.57 x> ~ 0.14

Decays of a 125 GeV Standard-Model Higgs boson

charm/anti-charm,I 77 OYZV% OZiz-X/ others
2% 0.2%
tau/anti—tau_i% '||_3%\ Ll 0.6%
6% \
2 gluons
9%
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Backup

.. 14 Tev
* The effect of destructive interference terms: ¢ )
s
[0
94
. 0
* Due to the large destructive =
I
. . €
interference, the effect of the trilinear 3 |
----- - triangle
. . . -c L -
Higgs self-coupling in the LO total ~Oil interference
cross section amounts to a reduction of —— sum
—02L— : : :
300 400 500 600 700

about 50% with respect to the box-
only contribution. (1910.00012)
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t,b v
* Decrease the sensitivity of measuring - iy’
this Higgs coupling B0 G0 <l

g t,b \/1\ T

Diagrams for Higgs pair production at LO
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https://arxiv.org/abs/1910.00012

Backup
» Signal Model for ttHH

L= Lsu+ Gi(HH)(QHt® 4+ h.c.) + Go(H'H)*(QHt® + h.c.)

1 1
Gl o W’ G2 2 W
yv Gvd Gyl 9
my = + + G; = —Gyv
V2 22 a2 o
w300 5Ga Requiring m; and _ V2m, N G’
Gun = ﬂ+ w5 7 /2 Jeen, unchanged Yt p” A

3G1’U2 5G2U4 _ Jtthh — \/§G2'U4

Gtthh = ﬂ =+ /2

G,v3
Ac= Tt ynn = 22
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Backup

* CMS Run 2 integrated luminosity

Total Integrated Luminosity (b ')

CMS Integrated Luminosity, pp, Vs = 13 TeV

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC

180 T T T T T T T T T T 180
I LHC Delivered: 162.85 b !
160 ] CMS Recorded: 150.26 fb 160
140 jjy/ 140
120} 120
100} 100
80| 80
60| 60
40} 40
20} 20
0 1 1 1 Il 1 1 1 1 1 1 Il 1 1 0
A2 4% 40 46 40 40 W1 I T 1 4?4 ® B 1D

Date Wei Wei (UC Davis)

Year Integrated luminosity(/fb)
2016 35.9
2017 41.5
2018 59.7
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int

N.ofb(L =10.0fb")

=10.0fb™)
int

Events (L,

Backup

Built the EFT model and generated MC events for ttH to make sure it’s unchanged

CMS Work in progress
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— tthSM
— tth_gt_0
— tth_gt_1

Generate ttH (LO) at+/s =
13 TeV

SM : a(ttH) = 0.3987 pb

g: = 0: o(ttH) = 0.4007 pb
gr = 1: o(ttH) = 0.3988 pb
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