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The plan had been for 3 years of running (2023, 2024, 2025)

A During the 2023 RHIC Run, on August 1, the accelerator developed a Helium
ended the 2023 run prematurely bef

A 2024 was the polarizedrpn (with 3 weekéofAwat the end, mostly
commissioning)

A 2025/26 has been the fmsAuun,p+p and a few days of O+O
Both 2024 and 2025 runs have been a great success, despite some challenges
Our Streaming Readout played an outsized role in achieving our luminosity goal:
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To jJump right 1 nto 1t

This is how we endEHENIX Beam operations ended
We crossed the 300PB threshold with #hegnosalibration runs
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2025 challenges (many smaller ones, t00)

SPHENRIIX

We had a few tense moments

A squirrel NV i -
The main RHIC power feed brq AUXIlIaI‘y
an arm Lines

An abort kicker e sent the
beam to the vacuum pipe wall
and drilled a hole, exposed to ¢
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SPHENIX DAQ Birds-Eye View (2025)

On Detector
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receives data from digitizer, zeresuppresses and packages

collects data from a DCM group (~20)
(FELIX Event Buffer and Data Compressor (~40)

Buffer Box data interim storage before sending to the computing center (6)

To HPSS

To the Farm i

SCDF Computirigenter

For thé\u+Auun, we
upgraded from 6 to 12
bufferboxe® more than
double our DAQ bandwi



RCDAQ our core DAQ system

RCDAQ has been around for about 13 years

It has been the workhorse DAQ system for many, many R&H ENb&sgs, and
also El@hemed ones, also Medical Imaging, lots more)

| 6m awar e of about 30 test beam cam

Support for tis@®HENIXardware (digitizers, but notably 3 different flavors of the /
FELIX card)

All knowledge how to read out a particular hardware is contained in RCDAQ plt

We are using many (84) concurrent R
particular part of gl@HENIXetector in a synchronized way

Thi s Acohorto of REDAQessscabhtedohR
consistent and coherent operations




Some of our DAQ gear at the experiment
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Run Control

00:49:28
Running for 0:01:59
Run: 72764
Events: 986813 (10810.0 Hz)
Logging Enabled
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Pause

|t uses a synchronized ﬁcohp;fo
Instances, each reading a particular part of the detector == &8

o ors | s v | e cven | e owcu | o cuce

Hel d together by fARun Cemtrobs =

li e .

everyone in line = SARCDAODS - our investment of

‘ebdc21 - TPC ebdc22 - TPC ‘ebdc23 - TPC &bdc00:1 - TPC ‘ebdc01:1 - TRC
- - - - ebdc02:1 - TPC endo03:l - TPC ebdcod:1 - TPC endo05:1 - TPC ebdc06:1 - TPC

The Timing System keeps it all synchronized = ——r——"— $339,278.22 got us
‘ebdel7:1- TPC ebdc18:1 - TPC ‘ebde18:1 - TPC ebdc20:1 - TPC ebde211 - TPC 1
‘ebdc22:1 - TPC ebdc23:1 - TPC ebdc39 - TPOT myvix) - MVTX mvixl - MVTX
mvix2 - MVTX myix3 - MVTX mvixd - MVTX myix5 - MVTX




sPHENI®ata Taking

ForAu+Aul2PB in a week (~ 1.7PB/day) is a good yield, although not every week was like the
InAu+Audifferent frop¥p, we pretty much take all collisions we get

As the Il uminosity decays, there arenot mol

Data sentto t
SDCC/HPSS

We turned the transfers off during the-logieestiods
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p+pis different

Here we get MHz worth of collisions and can always fill the bandwidth
We run the most selective triggers at high luminosity, and then increase the stre
Compromise to get data to the computing center falshéomoagoring

10
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Streaming ReadowRHENIX SPHE@

Let me say this up front:

It Is hard to overstate just how much easier everything is with streaming readout

You donot need to worry as much abou
't just runse

The Beam Crossing number ((ABCOO) i s

Il n a distri buted system as everyone

11



Streaming Readout in general

ultimately trigger your feoqlt

O
SPHENRIIX

| have come to regard a particular feature of SRO as the defining property, even

There Is no synchronized end to a given event!

While collisians streaming in some places, in other places, data froml.c@hsdon

) 1 snd6t finished yet

Data are interleaved in this way. No need to wait for an event streamitddoé finish

offline. Just stream!

Bottom line: Streaming Readout is independent of heantharfirees at its decision

fr mi

to send up the data. Can be triggered, cail e &
streaming data.

ned

fr om

t |
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)
How does RCDAQ suppor@i

RCDAQ itself is pretty much unaware of what kind of data it reads

t has a concept of nread the data t
t doesnodot real |y eradsarived atithe deoiston to sendala
Triggered or streaming, no matkem data arrive, they are getting stored

All the magic lies in the RCDAQ plugins that teach RCDAQ how to read out a gi
frontend electronics

We use about 10 different plugins to read theséliH&itdhtietectors

(There armanymore to support readout hardware that you will find in your typical
while 1 dm her e, | remotely support t
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The Timing System holds it all tog 1\

We picked a convenient multiple of the beam crossing freQU
We have a global 64 bit masterdrearing (BCO) counter, lasts > 60,000 years

We transmit 40 of the 64 bits to therfdsnthose 40 bits go into the data stream
Somefrodnds again pass 20-abitgsmemttoo bteh ave
This data block (96 bits) is sent out for each RHIC beam crossing (every ~106 ns):

< One beam crossing >
Bit Number Function Beam clock phases
0 1 2 3 4 5
7-0 Mode bits | Modebits BCO BCO BCO BCO Bco 140 bits BCO
/BCO bits 7-0 bits 7-0 bits 15-8 bits 23-16 | bits 31-24 | bits 39-32
5 Beam clock 1 0 0 0 0 0
phase(
9 LVL1 accept X 0 0 0 0 0
10 Endat 0 X X X X X X
11 Endat 1 X X X X X X
12 Modebit 1 0 0 0 0 0
enable
15-13 User bits 3 user bits 0 1 2 3 4 e




Examplé INTT (Intermediate Tracker)

GL1 BCOs INTT BCOs (intt0)

The | eft col umn ar e
on

0xb5483e942e19
0xb5483e95c7a0
| 0xb5483e96fdeb
0xb5483e97aebd

O nm s WN B

~l

0xb5483e97f06a 483e97f06a

The right column shows the SRO data from: vesiszesues

0xb5483e99577a

. 11 0xb5483e9d5b7c
(1/8) of the INTT (not all triggers have data: — ceeens
13 0xb5483e9f6181
eve ry p O rti O n) 14 0Oxb5483eal3eds
15 0xb5483ea27e39
16 0xb5483ea3cd4db
17 0xb5483ea77d06 483ea77d06
0xb5483ea8f086 483ea8f086
0xb5483eadc6ff
0xb5483eb0alcc
0xb5483eb70854 483eb70854
0xb5483eb7c5ee
0xb5483eb85507 483eb85507
0xb5483eb92571 483eb92571
0xb5483ebc503a
0xb5483ed0dee3
0xb5483ed33e2e

You can see the matching BCO numbers

15 UXbodsseall/ess
16 0xb5
17 0xb54483ea77d06 483ea77d06
18 Oxb5483ea8f086, 483ea8f086
19 0xb5483ea dﬁff

41 0Oxb5483efae833 483efae833
42 0xb5483efc7fb2

nnnnnnnnnnnnnnn

15

40 bits

1/8 of INTT W (
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What 6s in it for us?SPHE@

Our calorimeter systems are trigger
But . allgooephysics sust with the tracking system! Get whatever we can ge

When we trigger the calorimeters, we need to make sure that the tracking syste
that triggeremh crossing.

Our TPC, for example, has a drift time of aspaall& 120 RHIC beam crossings

If you read out just those 120 crossings, then you have covered exactly that trig
But add just one more (121), then you have also covered the one after the trigg
Add 2, cover 2 more crossingseé you
We were able to streéd0crossings after a triggeover ~880 more crossings

If a new trigger arrives during that period, reset the count and start the 1000 ag:
With high luminosity and a high rate of collisions, gontigeiotios streaming

Adjust the coverage window to what your bandwidth allows.



Multthreaded Data compression

After all dataductiomethods are applied, the data are still compresgzipen(irgur
data filee you wil/l pe surprisedé)

Our raw data format supports-sté@fe data compression that works on an /O buff

compression> Y Add new . 7 New buffer with the compressed one as
algorithm 7/, bufferhdr % payload, header says so
Z Z Z
7 % 7/ This is what a file then looks like
7 Uncompress
On readback: 7 % P > _ Original uncompressed buffer restored
i

Our DAQ readout machines all have 96 CPU cores

We run a mdlfireaded compression on the output buffers before writing
4 different compression levels to choos&fromn Z O al gor i t hms,
We achieve compression yields arounthé@#itng 100GB become 60GB.
Better use of disk storage and also network throughput.

17



Compression Yields

For everything
the Holy Grail of compression

but t he

TPC,

we have

The original size of the buffer is in the header, to allocate enoughhommprassion
see the

t

buffer
buffer
buffer
buffer
buffer
buffer

The TPC has too

|l meé t hat ma k e s

$ prdfcheck  physics _seb10 - 00068999 - 0000.prdf | more

1 atrecord O length =32575780 3977 marker =

2 at record 3977 length = 32606651 3981 marker =
3 at record 7958 length = 32602595 3980 marker =
4 at record 11938 length = 32591621 3979 marker =
5 at record 15917 length = 32596554 3980 marker =
6 at record 19897 length = 32603688 3980 marker =

begin with:

$ prdfcheck TPC_ebdcl6 0 physics - 00077980 - 0000.evt | more

buffer
buffer
buffer
buffer
buffer
buffer

1 atrecord Olength= 7997 1 marker =

2 atrecord 1 length =361533375 44133 marker =

3 at record 44134 length = 363089288 44323 marker =
4 at record 88457 length = 363165726 44332 marker =
5 at record 132789 length = 362751108 44282 marker =
6 at record 177071 length = 362783445 44286 marker =

It easy

t o

ffffbefa BZ2 Marker Or.length : 67058744 .578%
ffffbefa BZ2 Marker Or.length : 67066472 .6184%
ffffbefa BZ2 Marker Or.length : 67066084 .6126%
ffffbefa BZ2 Marker Or.length : 67065432 38.5968%
ffffbefa BZ2 Marker Or.length : 67063228 48.6057%
ffffbefa BZ2 Marker Or.length : 67070792 48.6109% y
much data to keep uj
ffffbcfe LZO Marker Or.length : 17640 45.3345% )
ffffbcfe LZO Marker Or.length :520119368 695097%
ffffbcfe LZO Marker Or.length :520112984 69.8097%
ffffbcfe LZO Marker Or.length :520110952 69.8247%
ffffbcfe LZO Marker Or.length :520100040 9.7464%
ffffbcfe LZO Marker Or.length :520112680 9.7509%
J

Overall we get a reduction to about 60% of the original size.

18



SPHE

But what can the D&Qllydo?

The numbers | showed so far are constrained what the acceleratoreaad thedifremt

| wanted to know what the DAQ can really
Postbeam, with all det ect-theDA Qon ttype shiame, \

Switched off or turned downrspgaression and generated the highest data ratetitedaondeliver
( DAQ goes 100% busy, but we donot care he

Buffer Box Network

70Gbytés | |

72GB/s or ~580Gbs soons —1— 1§ f— <_>‘
average over a day or SqEEEe 1-Hour runs

Remember , t
That gives almost 6PB/dREgE

NoO issues, it kept runningaeEeE
and running



How we did Iin terms of our goals

182 days @&fu+Au6.onb 94% of goal
41 days g@f+p 16.7/pb, 130% of goal
5.3 days of O+0, 236182% of goal

SsPHENIX Run 2025 Au+Au \|s,, =200 GeV

SsPHENIX Data

Min.Bias 1zl<10 cm = 6.574 nb™'

Luminosity [nb™]
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Pre-Fire
Squirre| Incident
Incident and
69KV Line
repair

Jl?n-15 Jul-05 Jul-25 Aug-14 Sep-03 Sep-23 Oct-13 Nov-03 Nov-23 Dec-ql3
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SPHE

ADbitosPHENIK un (wi th a ser

My personal metrics of when an experiment has reached maturity: The experts have a bit of ti
hands for some playful nesseée

In the last weeks of the rurEM@aly | y ¢ o | cooling | oop devel op
We used a rather4aeh bucket to capture the glycol seeping out from the lowHhGadbaréhe

Rather than making a daily access to check on the level (leak m
worse), we pr omo thePHENIX¥web ByUCtKe

| devised an ultrasound system to continiionsh,
monitor the glycol level in the bucket, als

Someone found the time ta
make a movie of the periogdic

made a Gr af ana s
still images

We

BUCKET Meonitor

CAST

The BUCKET Y. . itself

The EmCal e - itself
The HCal s itself
Valerie Wolfe s Val
Martin Purschke e mlp
Bade Lake Sayki ks herself

é that all owedheckiagcedsas s ki p the | evel 21



sPHENIXpproaching the End

Last collisions ever on Friday, February 6,9:C . . . . . .

A

Postcollisions work until Feb 21 Midnig it‘

o

Last shift crew

22




SF’HE@
Summary

We had good runs 2024 and 2025/26!

We got 300PB of data

The DAQ as desi gned anCBytes)wfidatda can s
The Streaming Readout was a success story beyond our wildest dreams
Buying more hardware to double the DAQ bandwidth for 2025 was a great inve:
| personally saw the first RHIC collisions in 2000, and was there for the last

And was the very |l ast shift | eader
A bit of melancholy, Dbuté
Looking forward to the Elettroollider! (\ 0’(\

23



The End




Performancem

sPHENIX Run 2025-26 p+p Vs = 200 GeV

B Trigger Sampled Izl<10cm =16.916 pb™
B Trackers Streaming Izl<10 cm = 9.733 pb™

1)
c
=
2
0
(3]
2
e
(7))
x
)
=
Q.
+
o

H-Jet Unavailable — -4.44 pb™" |
Increased Background Fills — -2.82 pb™ |

Dec-31 Jan-07 Jan-14

Luminosity [pb™]




Performance-©

sPHENIX Run 2026 O+0 \{S—NN =200 GeV
Trigger Sampled All z = 52,594 nb™'!
Trigger Sampled Izl<10 cm = 23.566 nb™
Trackers Streaming lzl<10 cm = 8.900 nb™

Luminosity [nb™]

(7))
c
9
2
[
o
2
=
0
<
Q
=
o
+
o

eb-01:07 Feb-01:19 Feb-02:07 Feb-02:19 Feb-03:07 Feb-03:19 Feb-04:07 Feb-04:19 Feb-05:07 Feb-05:19 Feb-06:07




Generic Setup script example (TPC)

This is a heavily abridged setup script for our TPC (for one of 24 sectorgmead o
ATLAS FELIX card

#!/bin/bash

H=$RCDAQHOST
[ -z"$H"] && H=$(hostname)
MYSELF=$(readlink - f $0)

rcdaq_client dag_clear_readlist
rcdaq_client dag_set_eventformat 0
# we add this very file to the begin - run event

rcdag_client create_device device _file 9 900 "$MYSELF"
rcdaq_client load librcdagplugin_dam.so

rcdaq_client create_device device_ dam 14%${H:4:2)01$ NUnit 1 /dev/damO
rcdag_client create_device device dam 14${H:4:2}119% NUnit 1 /dev/daml

Many more settings, rules to create file names, DB whereabouts, compression
rollover setting, and more
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Let me show a wonderﬂﬁﬁ

sPHENIX Time Projection Chamber
2024-05-11, Run 41990 - Event 10022
' p*p 200 GeV, 1.4 T Magnetic Field

There are many moreg “t

28


https://www.sphenix.bnl.gov/EventDisplays

Bunch number

Our Trigger/ Ti ming system needs to be aw

Each collider needs to have an oabort ga
switch and Aderail o the beam to a beam d

The abort gap defines the nfront of the
and divert the beam to the beam dump when done

Beam Dump

Abort Gap
RHIC: 9 of 120 bunches

(LHC: 756 out of 3564 bunches)

29



SPHE

Bunch number

For us, the abort gap provides the opportunity to schedule calibration events
where no collisions happen

For next vy e gmtonsrunpng iveanmust haeedthe bunch number right 1
each bunch is special with polarization and number of protons

This shows that we are s y n c up #ith the rotation!

x10°

140

Count

We meticulously check (online 120
monitoring plot here) that the abort gap100
Is in the right place, meaning that the 4,

accelerator interface told us the truth S| 5
60 G|

o | B

40 o<

2| 0

20 < | L.

00 20 40 60 80 100 120

Bunch Number

30
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) N
Accel er amodebit’/k ot at 1 on @f

RHI C has 120 obedull otatiomobabautkl2us s O

ThevGTM&k now (from the v124) when nbun
EacwGTMhas 32 fdnbankso with i nformatio
We can st or e dnedeletc)t ofro ri nasntyrv@dadvit oi sosni sn

(so you can send different instructions to, say, the THEE&al the
That Is the way to make a-Fondalo things exactly when we need it to

Theyaredeteckopeci fi ¢ speci al l nstructi on
Apri me yoursel fetcfor taking datao, 0

Allmodebitbut a tiny handful areemmpty ust t he ¢l ock and

Better explained with an exampl eé



Modebits

SPHE

Here is the (really simple) setup for our calorimeters usingstosbamks?0

(remember each bank represents one RHIC turn, about 12us)

When we

Lat er we mo®

# modegrp repeat jump target values

st armodebitvema rses uaec caau ra tuenloy npr

ebjiclearing allfintema eotinters/ we are ready to go

0T we make 100 turns doing nothing

1Ti n bucket 9O we

0 100 0 O

1 0 0 0 O9RUN 27 100 turns / 1.2ms nothing

2 100 0 O

3 0 0 0 9:RESET; BTbucket 9 sends

4 120000 14 471 120,000 turns of nothing, followed
by a jump to bank 4 again, going on
forever

What you see hereisastrd@ints ect i on I n banks 0. . 3,

Il ndefi nitely

(unt i |

we say Ast op o)



| EDetccalibs

Now I tos easy to see how calibrati ol

We place the LED firing into the abort gap, where the detector is quiet

From there 1t0s a calibrated propag:
(here: 29 buckets)

# modegrp repeat jump target values 0e3 you already

0 100 0 O 47 we wait 757 turns10ms

1 0 0 0O 9:RUN o . |

2 100 O O 5TtAi PULSEO fires
3 0O 0 0 ORESET 119 (last bucket in abort gap)

# 757 1s about 10ms . :
4 257 0 0 61 29 beam crossings after_we S|

5 0 0 0 119:PULSE readout (FA f

6 0 1 4 28:FA é and W e J Ump b
~100Hz of LED events.

N\

€ again until we say nstopo

33



And you can see what this does

# modegrp repeat jump target values
0 100 0 O

1 O 0O O 9:RUN
# modeqrp repeat jump target valu E - o @
drp repeat jJump targ 3 0 0 0 ORESET
0 100 0 O .
# 757 1s about 10ms
1 O O O 9:RUN
4 757 0 O
2 100 0 O 5 0 0 O
§ L0 EREssl 6 o/ 4 28:FA
# 757 Is about 10ms
4 757 0 O /
5 O O O 119:PULSE
6 O 1 4 28FA

This Is the setup for a pedestal run, everything as before, just no LED f

34



SPHE

Summary

The GL1 core, and by extensioctiidk now t he nAnbunch num

"hey count bunches 0el1l119, 0é119, anct

"hat allows us to place special actions such as the LEDs firing into the abort ga
detector is quiet, and schedule the detector readout at the right moment after

We can do that on agbtector basis (latency ofitbal. ED>signal is different from th
emcal

Important b/c even though we take dedicated LED runs, we need to do this with
machine. x10°
140

120
We meticulously check (online monitoring,

plot here) that the abort gap is in the righto
place, meaning that the V124 told us theso
truth 40

20
0

Count

Abort Gap
Forbidden

0 20 40 60 80 100 120 |
Bunch Number



Let me show you

We Iinitially assumed that we could‘add anbftecra3sings that way

DAM data output: Throttled data rate = 133 Gbps, Triggered data rate = 140 Gbps

4000

3000

2000

1000

Data in last TPC layer (bit/BCQO)

|

|

|

| I
I
[ —

I
|
L—

must-have
(triggered-on
Crossings)

0
[ | I 1 | I | | |
71000[} 1000 2000 3000 4000 5000 R 6000 7000 8000 9000 10000
DAM data output: Throttled data rate = 133 Gbps, Triggered data rate = 140 Gbps
4000 T T T T T TT T T T T T T T T T
8 | | ] | | I ‘ | | 1 I| [ | I | | ‘ I
8 | | | ] | | I | 1 [ | I | I |
| | | ] | | I | 1 [ | I | I |
= 3000 I I \ T | I | I | 1 I
f— I I \ T | I |
<]
8 o0 Additional l
O
o
I 1000
@
Rod
£ 0
o | | | ] | | I | 1 [ | I | I |
o L L (I I/— I S [ I L | — Il_l_l_l_ | — L | - I
o
JDDDD 1000 2000 3000 4000 5000 6000 7000 8000 9000
BCO bin (100 ns)
DAM data output: Throttled data rate = 133 Gbps, Triggered data rate = 140 Gbps
4000 T T T T T TT T T T T T T T T T T T
6 | I | i ‘ 1 I I | | | | (L | I 1 | ‘ | I i | |
8 | I | i 1 I I | | [ | I 1 | I | | |
| I | i 1 I I | ! o ' ' ! I | | |
g s | | I I o | | I [
e ' I I i 'I | What we we able to do ' |
2~ 2000
(]
3 I || Bl B
[a
= 1000
0
©
£ 0
© | I | i 1 I I | | [ | I 1 | I | | |
o | I—  I— L 11— L u L [— I‘_I_I;I; | I— L | I— L | I—
O
-IDDDO 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

BCO bin (100 ns)
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Example: (oldeR021sPHENIXPC data

Clock values embedded in FEE data / 40 bits BCO

0000000 feee baSe Off1 00 [017229f7a0 | 0088 0004 . FELIXHdr
0000020 002f 8782 0004 fff 0081 0000 0050 0050
é

0001020 d72c 0081 feed 0000 0088 3e2b 0004 feed —— FEE structures
0001040 000f 0088 Of7a 0000 0000 0007  ffff H8af
e
0002100 0088 ad79 0004 feed 0017 0088 Of7a 0000
0002120 0000 00of ffff 58af 0081 0008 0000 ffff
& Clock values
0004740 0004 feed 0027 0047 0088 Of7f7a 0000 8782
0004760 0000 0004 001f  ffff  ffff ~ 58af 0000 0000 bx 9720
bx 9f7a0

. . . . . bx 9f7a0
In this way you can verify the integrity of the internal data bx 9F7a0
structures, and sort the dat a 9by nti

| Om showing an ol der version here si

37



Streaming Readout and Packets

For streaming data, the nPacketo paradigm change:

It becomes like a packet in the Voice-Over-IP sense - VoIP is chopping an audio waveform into
conveniently-sized chunks to transfer through a network

|||_I| 1 : I| l.| |||||| I Illll ||. | ||I A FENTT B .|||._|_. LA T Llll.i‘ .|J|. I||_|||.|.|| .'I|i.l|i|.]i.lhu
|I'||||r"||| "||||||'||||'T|"||'||r|'||]1||“ qpe YIRS ] N [III!I r1F"|'|I|'r|'|'|l"||'l"|

Packet Packet Packet Packet Packet

We are chopping the streaming detector data into conveniently-sized packets for storage
Here: Streaming SPHENIX TPC data (entire SPHENIX tracking system streams!)

$ dlist rcdaq - 00002343 - 0000.evt -

-- Event 2 Run: 2343 length: 5242872 type: 2 (Streaming Data) 1550500750
Packet 3001 5242864 -1 ( sPHENIX Packet) 99 (IDTPCFEEV?2)
$

38
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Wh vy

do

W e

8uHférBoxesoh?0 s e

N

r at e buastyoi aighdumindsity dtéhe |

S
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SPHENRIIX

Remember, RAI D all ows you to ns
You gain throughput (and data protection).
Lustréakes this same concept to multiple file servers

Same idea, distribute 1/O across multiple servers, gain I/O capacity a
(additionally) network capacity

Else this works pretty much like RAID, break up files into chunks, dis
across file servers.

Lustras opersourceZephs feebased from RedHat (pretty much the sat
concept)

Lustrd andZepi)
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1224 disks total, 12adidk ZFS ramd, 24 warm spares
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Test beams

-

Remember, RAI D all ows you to

A small collage of the most important
test beam setups over the years
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