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The High Luminosity Challenges

/  (up to ~7.5 × 1034 cm2/s0
/ Up to  (1.6 vertices/mm0
/ Harsh radiation environment (up to 1016 neq/cm20
/ Enables full program of Precision and BSM Physic"

/ Requires significant detectors upgrade"
/ Challenging to maintain current trigger thresholds

~4x more luminosity than the LHC
200 collisions per bunch crossing

NowHL-LHC Timeline

This talk

only 86 collisions/bunch...
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� TCs routed to bin�
� 2(ϕ)x42(R/z) bins per 120o secto"
� Energy sorting with the batcher 

odd-even sorting networ�
� On-the-fly truncation, fixed 

output bin size

Sort and truncate TCs in firmware

Time multiplex data 
to Stage=

� 18 bunch cross.

Partial sum of module 
energies into towers

sort each bin independently

Unpacks data from ECON-k
� Inputs grouped per 

bunch crossing

Serenity board 
w/ VU13P FPGAs 
(128 links)
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Backend Stage 1



��
�	�������	��

�������������������%! ����������������0.������.���/�

%!�����8�������5?�29�41� ����/����/GA

g j���������8.�����%/�GG�/�%���/��_�]V�
��.���/���P�%!��eW��������9����/G���9��Z�W��d

g �������/�GG�/�W/�����K������JO��/�GG�/

s�W�%!�����5?�29�41�

|||

|||

�	�	���
~�}��	�

W/������K�����/�������
���e���?��

e/�����K������Z��WW�����/|�K�/��1

�

? 
����

2�����

¢

���G�³�P�/���/��/������/.�������Z���



����������

� ��!
�������������������
�
� ���
�����������	������	��
�������
�������� 

� ���������
����������������

"

%$#

%$#����"�&�!�

��	��&�!

3��77���5����

���
�!7�O�!
�N
@�������	���!7B

:����
���!��7�&����>

P



����������

����������	������

# *",� %��$'�%�'�"�'�% ���!
# ���� %�� �%'� �%�'  %'%�)%
�(�� (���% ���$�"�+

# &����% ���%$��'�� %'%$�� ���

-

0/.

0/.%� %-%1", 

&����%1",

>�"BB��%@��� 

-

-

0/.0/.

*���%�,�$'�

&
,
�
�B
�
%I
�
"�
F
�E

Y
W
"�
 
/1
",

����",B%p",��o
a(���%$'����",Bc

[ �%�����%,�"B(1��� _

�",B��%B�,��'��r
%�(���,

�
�
%1
",
 

�[�%1", 

@�� ���% ��"��

# ¦�,Ä(���B�,��� %�" ��"1��"�,%�©%>@ %",��%1",!
#  ���%1", %('��%©�p%$��� £%� �Á%$�� �%��%�(�%1�'�%�"��½
# �,�(� "$'�% ¡

# �����%p/% ",B��%�Fµ%�,$�,������%�(���,%B�,¼%[Á�����Á�
$�� ���% ��"� �ÉÈ

�È�

ÌË

Í Ï�

$�����%�,��B�%��, "��$�����% ���%",���� 



“ByeSplits” Iterative Algorithm

, , 
avoiding cluster split(
, reduces variance of number of TCs/bin along �

,
, its output can be encoded as a TC-to-bin Lookup 

table (LUT)

Optimizes the mapping of TCs to seeding bins

The algorithm does not run on firmwarE

11



������
�	����	���	����
����	��

* +,
1. )�)0/,-!$%"�(,%�!)"&
* (��$-�%,.1()10-�, �,0$#��(, �,�'%��)0,1! 0/,�

*
* )"%, $"�$",-10,��,�0- ���,1%,1,�'�" ��)0,���

I�")#)@�%,"=�,#1��)0/, �,�'%," ,%���)0/,�)0%

�=�,1!/ ()"=#,� �%,0 ",($0, 0,�)(#61(B

J

'
 
$
0
"%

L
K

L
M

L
O

,V
�@
,�
)0
%

YYY

%)@�,a,%!)�)0/`
6)0� 6

hg



������
�	����	���	����
����	��

* +,
1. )�)0/,-!$%"�(,%�!)"&
* (��$-�%,.1()10-�, �,0$#��(, �,�'%��)0,1! 0/,�

*
* )"%, $"�$",-10,��,�0- ���,1%,1,�'�" ��)0,���

I�")#)@�%,"=�,#1��)0/, �,�'%," ,%���)0/,�)0%

�=�,1!/ ()"=#,� �%,0 ",($0, 0,�)(#61(B

K
J

K
L

K
N

P

'
 
$
0
"%

K�
]Y
�	��U�SS���R]��

tR�l��]����U�����Y
U�	���bK����S	�p�����S����U_

x�l�	������bK��S���	���~������
�l�]��p�R�	��R�_

K
J

K
L

K
N

K
J

K
L

K
N

K
J

K
L

K
N

K
J

K
L

K
N

K
J

K
L

K
N

�	����R��]��	����R

%"1�)!)%1") 0,� (,%#1!!,�,

"$01�!�,�1(1#�"��
����£

)0)")1!,�)��%°
� (,�)0,ª

#$%",��,"($�,� (,1!!,�)0%,¸

�(16,�%�$� �(10� #,0$#��(,Ê,�( #,$0)� (#,�)%"()�$") 0

,Þ
�@
,�
)0
%

ááá

%)@�,é,%!)�)0/è
6)0� 6

ðï



�
	������	���	���������
�
	�����	���	���������	�!	�����

���	��#

915�34���
,	7��������	6��������

:

@
?
<
>
=;

�
A

�
C

�
E

���SO����	K������HS�


jH	���S�	
�K�	
��O�K	���	�	
����	��	4�������KU

n��	��	����	�
	���	���	t	����!���	S����H����H
U

�
A

�
C

�
E

�
A

�
C

�
E

�
A

�
C

�
E

�
A

�
C

�
E

3��44�H�	S�������H

;=�����;�=�?>��?��;�������

=<>�����������=��
�����

�>�=����¨���;¦
�?����>� 

�<;=����=�<���?��������>;�®

¨��Ë��;�<¨?Ã��>¨?��><�����À���?��<>��?���¨�;=���<=�?>

ä å�
�è?�¨�>é�ç�<;=���;���=à
ä ��¨<ç�;�è����>ç��?��><�����?��Ó@;Ò��>���?>é�Ñ

ä
ä �=;�?<=�<=�ç�>�����>ç?¨�¨��;���Ó@Ã=?Ã��>�Ï×Ó

O�=���z�;�=h�������>é�?��Ó@;�=?�;��¨�>é���>;

Óh����é?��=h��¨?�;�>?=��<>�?>�����Ë���

14




�����
��
������
����
��	���������	����

��������	��
������
�����
��	���������	����

5�����	3�������	�����������
&��3���	������	#4�"

���������	�������<�

�&
�
�
�

�
�

<	
5�
��
��
"

QPONFMLJKGLFHILFECBKGPHID QPONFEJHLGFHILFECBKGPHID

R

U�S

R

U�S

HILFN[CPHFPNFBKOLV

oKDLOHkDFsLN[KONq
3hgevfd�3hgbvc

�&
�
�
�

�&
�
�
�

��
3�
��
��

��
�"

��
3�
��
��

��
�"�KNPHPKOFsLNKCkHPK�

RevfdzRbvc���evfdz�bvc

��

¡��� 	�����������	�<���&
���	������	���<	�3���	
�������	����	



���	������
	�������������
���

�

��
�
�
�

���!���������!�"����"

.
+)
-�
'�
**
��
%

@ <���:79���	��	�9��1=�	�3��9���������90
P ������!�"����"��T*����������!�V
P .����CMXE�����+�)�����B+����%

@ k���gh����������91�\�	9������91�Z
P �������.��������+�*��*��.�*-����'���
P �������*����������+�)��%

��"�������
��� ��� � ��� ��� ��������� ��� ��� � � � ��� ��������� ���

� �

��

k���9� ��¨����9�¦
¢���«���¢���«�



���	������
	�������������
���

�

��
�
�
�

���!���������!�"����"

.
+)
-�
'�
**
��
%

@ <���:79���	��	�9��1=�	�3��9���������90
P ������!�"����"��T*����������!�V
P .����CMXE�����+�)�����B+����%

@ k���gh����������91�\�	9������91�Z
P �������.��������+�*��*��.�*-����'���
P �������*����������+�)��%

��"�������
��� ��� � ��� ��� ��������� ��� ��� � � � ��� ��������� ���

E�!����¢¡
����.+.����*��)�

E�!����¢¡
²���!�������*���*���

È�+�*����!¡
����+�Ì����

Ø�!-��Ñ
����!������

â�Þ���	�91

� �

P E���)��*����È��*������������)��)+��*���
)�+�*�������*���
P ²���!������*�������!
P ���������*-�������+�������+*�����*+�����

P �������������*�����)*����)�������*��
P T�������

P �"����!���*-.��)+����*����������

&%

k���9�Þ��8����9�6
-,*;+)�-,';(



0 PU

Conclusions & Next Steps

) HGCAL is a very significant CMS upgrade for the HL-LH.
) HGCAL trigger primitives for the L1 trigger are the final 

product of a complex processing chai 
) robust on- and off-detector electronic1
) resource-constrained algorithms perform 

computations on multiple ASICs and FPGA1
) A complete reconstruction chain is available in 

simulation, from hits to cluster-related variable1
) algos implemented in firmware, optimization on-going

Can we do better? Yes! Current workA

) Explore more detector-like coordinate systems to 
remove TC-bins routing complexitF

) Focus on specific regions in the detector to 
further decrease the amount of data processeX

) Assess the performance of new algorithms with 
200PE

) Develop 2D and 3D event displays for quick 
inspection

200 PU

Use detector coordinates 
directly

18
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Frontend architecture

27

credit  to N. Strobbe

0 :  frontend concentrator chip for trigger 
path, concentrates trigger data via one of 4 
trigger algorithm7

0 :  frontend concentrator chip for DAQ 
path, performs channel alignment and zero 
suppression after L1 Accep$

0 :  clock and fast control fanou$
0 :  for sending/receiving data/clk/control 

signals via optical link (and VTRX+)

ECON-T

ECON-D

Rafael
lpGBT

ECON-TFPGA

Test setup
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Backend Stage1
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credits: F. Beaujean et al.

https://iopscience.iop.org/article/10.1088/1748-0221/17/03/C03029/pdf


Sorting networks (Stage1)
Even-odd merge

Even-odd transition Bitonic merge

credits: I. Skliarova

Bubble
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https://www.mdpi.com/2079-9292/11/7/1029/htm#


HGCAL TPG as part of the L1 trigger
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ByeSplits algorithm: TC arc distance moved along ϕ

34

R/z slice 0 (lower η)

R/z slice 3

R/z slice 6

fraction of TCs that moved
total number of TCs in a R/z slice

(there are 42 slices in total)



Software developments

/ The reconstruction chain of the HGCAL TPGs was fully ported to Python. This enables�
/ quick prototyping of new idea3
/ quick testing of those idea3
/ easy parameter optimization studie3
/ conveniently debug the original chai5

/ A simplified version of the HGCAL geometry was developed in Python. Benefits�
/ event display3
/ debugging the original geometry (some bugs already found!2

/ The two above, when used together, make possible the visualization of specific events after 
running custom algorithm, for real-time inspectio5

/ The framework is available here.
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https://github.com/bfonta/bye_splits


HGCAL Physics Motivation

3 Extend Particle Flow measurements from the tracker into the calorimete5
3 Subtract pileup energy leading to a good energy resolution even w/ high pileu%

3 good time resolution is essentia,
3 Merged jets can be reconstructed with higher efficiency and better energy resolution improving the 

boosted object reconstruction performanc<
3 The high lateral granularity allows tagging of narrow jets originating from VBF-produced Higgses and jets 

from VBS.7
3 High granularity also allows efficient e/γ reconstruction/PID in the forward region w/ pileu%
3 Small expected energy resolution constant term (typically dominates the energy resolution at high 

energies) will lead to an EM resolution similar to the current one

Typical jetB
3 ~ 62% charged particleX
3 ~ 27% photonX
3 ~ 10% neutral hadronX
3 ~ 1% neutrinos

36

Before considering timing After considering timing

VBF H→γγ, Hits from all layers projected to the same depth



3D Event Displays which originated cluster splits (0PU photons)

this one really has 
two “peaks”!

most 
showers are 
standard, 
where the 
split clearly 
is artificial
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color: energy density

color: energy density

color: seed indexescolor: seed indexes



Event Displays for 200PU single pion guns
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