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Outline

• Experimental research in particle physics - ATLAS experiment at CERN


• Labs with open research data


• Applied Modern Physics (3rd year BSc)


• Subatomic Physics (1st year MSc)


• Take-away messages and discussion points
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)LJXUH ���� 6XPPDU\ RI WKH SDUWLFOH FRQWHQW RI WKH 6WDQGDUG 0RGHO� 7KH TXDUNV DQG
OHSWRQV KDYH DQWL�SDUWLFOHV ZKLFK LQWHUQDO TXDQWXP QXPEHUV DUH WKH RSSRVLWH� 7KH QHX�
WULQRV DUH PDVVOHVV LQ WKH 6WDQGDUG0RGHO� 3DUWLFOH PDVVHV DUH WDNHQ IURP H[SHULPHQWDO
YDOXHV >�@�

VWDWHV� &RORUOHVV VWDWHV DUH IRUPHG HLWKHU E\ SDLULQJ D TXDUN ZLWK LWV DQWL�TXDUN
WR IRUP VR�FDOOHG PHVRQV� RU E\ FRPELQLQJ WKUHH TXDUNV ZLWK FRORU FKDUJHV UHG�
JUHHQ� DQG EOXH �RU WKH FRUUHVSRQGLQJ DQWL�FRORUV� WR IRUP VR�FDOOHG EDU\RQV�
3HQWDTXDUNV FRQWDLQLQJ ILYH TXDUNV KDYH DOVR EHHQ REVHUYHG LQ UHFHQW \HDUV
>��@�
*OXRQV DUH WKH PHGLDWRUV RI WKH VWURQJ LQWHUDFWLRQ� 7KH LQWHUDFWLRQ EHWZHHQ

JOXRQV DQG TXDUNV LV GHVFULEHG E\ WKH 4XDQWXP &KURPRG\QDPLFV �4&'� VHF�
WRU RI WKH 60� *OXRQV FDUU\ D FRPELQDWLRQ RI FRORU DQG DQWL�FRORU FKDUJH� DQG
IRUP HLJKW OLQHDUO\ LQGHSHQGHQW VWDWHV� 6LQFH WKH\ ERWK FDUU\ WKH TXDQWXP
FKDUJH RI WKH VWURQJ LQWHUDFWLRQ DQG PHGLDWH WKH VDPH� WKH\ DUH VHOI�LQWHUDFWLQJ�
7KLV UHVXOWV LQ DQ DWWUDFWLYH IRUFH EHWZHHQ TXDUNV� ,I WZR TXDUNV DUH VHSDUDWHG
HQRXJK� WKH HQHUJ\ EHWZHHQ WKHP LV HQRXJK WR FUHDWH WZR QHZ TXDUNV� ,Q RWKHU
ZRUGV� TXDUNV DUH DOZD\V FRQILQHG WR KDGURQV� DV PHQWLRQHG HDUOLHU� 7KH SUR�
FHVV RI FUHDWLQJ QHZ TXDUNV LQ WKLV PDQQHU LV NQRZQ DV KDGURQL]DWLRQ� 7KLV LV
WKH RULJLQ RI KDGURQLF MHWV REVHUYHG LQ KLJK�HQHUJ\ SK\VLFV H[SHULPHQWV� 2Q
YHU\ VPDOO GLVWDQFHV� WKH VWURQJ IRUFH LV DFWXDOO\ QRW YHU\ VWURQJ DQG TXDUNV
LQ FORVH SUR[LPLW\ RI HDFK RWKHU FDQ EH FRQVLGHUHG DV DV\PSWRWLFDOO\ IUHH� ,Q
IDFW� WKH SRWHQWLDO RI WKH VWURQJ IRUFH LV DSSUR[LPDWHO\ LQYHUVHO\ SURSRUWLRQDO
WR GLVWDQFH DW VKRUW GLVWDQFHV �DSSUR[LPDWHO\ WKH VL]H RI D QXFOHRQ�� DQG EH�
FRPHV GLUHFWO\ SURSRUWLRQDO DW ORQJ GLVWDQFHV� ZLWK D PLQLPXP DW LQWHUPHGLDWH
GLVWDQFHV�
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Matter particles (fermions)

Force particles (gauge bosons)

Higgs (scalar boson)
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Force particles (gauge bosons)

Higgs (scalar boson)

Almost all of these have antiparticles!
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Matter particles (fermions)

Force particles (gauge bosons)

Higgs (scalar boson)

Almost all of these have antiparticles!

NB! Gravity is not included!
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Standard Model of particle physics
• Mathematically formulated as a quantum field theory

0DVV
&KDUJH

6SLQ

�ʖࣷ JHQ� ࣮ڀ� JHQ� �ɧ࣮ JHQ�
)HUPLRQV %RVRQV

���0H9
����
���

XS

u
���0H9
����
���

GRZQ

d

����*H9
����
���

FKDUP

c
��0H9
����
���

VWUDQJH

s

���*H9
����
���

WRS

t
����*H9
����
���

ERࡽRP

b

ࢂ
DU
NV

�����0H9
��
���

HOHFWURQ

e
� � H9
�
���

HOHFWURQ
QHXWULQR

νe

���0H9
��
���

PXRQ

µ
� ����0H9
�
���

PXRQ
QHXWULQR

νµ

����*H9
��
���

WDX

τ
� ����0H9
�
���

WDX
QHXWULQR

ντ

/H
SW
RQ

V

�
�
�

JOXRQ

g
�
�
�

SKRWRQ

γ
����*H9
±�
�

: ERVRQ

W
����*H9
�
�

= ERVRQ

Z

*
DX

JH
ER

VR
QV

���*H9
�
�

+LJJV
ERVRQ

H

6F
DO
DU

ER
VR
QV

)LJXUH ���� 6XPPDU\ RI WKH SDUWLFOH FRQWHQW RI WKH 6WDQGDUG 0RGHO� 7KH TXDUNV DQG
OHSWRQV KDYH DQWL�SDUWLFOHV ZKLFK LQWHUQDO TXDQWXP QXPEHUV DUH WKH RSSRVLWH� 7KH QHX�
WULQRV DUH PDVVOHVV LQ WKH 6WDQGDUG0RGHO� 3DUWLFOH PDVVHV DUH WDNHQ IURP H[SHULPHQWDO
YDOXHV >�@�

VWDWHV� &RORUOHVV VWDWHV DUH IRUPHG HLWKHU E\ SDLULQJ D TXDUN ZLWK LWV DQWL�TXDUN
WR IRUP VR�FDOOHG PHVRQV� RU E\ FRPELQLQJ WKUHH TXDUNV ZLWK FRORU FKDUJHV UHG�
JUHHQ� DQG EOXH �RU WKH FRUUHVSRQGLQJ DQWL�FRORUV� WR IRUP VR�FDOOHG EDU\RQV�
3HQWDTXDUNV FRQWDLQLQJ ILYH TXDUNV KDYH DOVR EHHQ REVHUYHG LQ UHFHQW \HDUV
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*OXRQV DUH WKH PHGLDWRUV RI WKH VWURQJ LQWHUDFWLRQ� 7KH LQWHUDFWLRQ EHWZHHQ

JOXRQV DQG TXDUNV LV GHVFULEHG E\ WKH 4XDQWXP &KURPRG\QDPLFV �4&'� VHF�
WRU RI WKH 60� *OXRQV FDUU\ D FRPELQDWLRQ RI FRORU DQG DQWL�FRORU FKDUJH� DQG
IRUP HLJKW OLQHDUO\ LQGHSHQGHQW VWDWHV� 6LQFH WKH\ ERWK FDUU\ WKH TXDQWXP
FKDUJH RI WKH VWURQJ LQWHUDFWLRQ DQG PHGLDWH WKH VDPH� WKH\ DUH VHOI�LQWHUDFWLQJ�
7KLV UHVXOWV LQ DQ DWWUDFWLYH IRUFH EHWZHHQ TXDUNV� ,I WZR TXDUNV DUH VHSDUDWHG
HQRXJK� WKH HQHUJ\ EHWZHHQ WKHP LV HQRXJK WR FUHDWH WZR QHZ TXDUNV� ,Q RWKHU
ZRUGV� TXDUNV DUH DOZD\V FRQILQHG WR KDGURQV� DV PHQWLRQHG HDUOLHU� 7KH SUR�
FHVV RI FUHDWLQJ QHZ TXDUNV LQ WKLV PDQQHU LV NQRZQ DV KDGURQL]DWLRQ� 7KLV LV
WKH RULJLQ RI KDGURQLF MHWV REVHUYHG LQ KLJK�HQHUJ\ SK\VLFV H[SHULPHQWV� 2Q
YHU\ VPDOO GLVWDQFHV� WKH VWURQJ IRUFH LV DFWXDOO\ QRW YHU\ VWURQJ DQG TXDUNV
LQ FORVH SUR[LPLW\ RI HDFK RWKHU FDQ EH FRQVLGHUHG DV DV\PSWRWLFDOO\ IUHH� ,Q
IDFW� WKH SRWHQWLDO RI WKH VWURQJ IRUFH LV DSSUR[LPDWHO\ LQYHUVHO\ SURSRUWLRQDO
WR GLVWDQFH DW VKRUW GLVWDQFHV �DSSUR[LPDWHO\ WKH VL]H RI D QXFOHRQ�� DQG EH�
FRPHV GLUHFWO\ SURSRUWLRQDO DW ORQJ GLVWDQFHV� ZLWK D PLQLPXP DW LQWHUPHGLDWH
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Standard Model of particle physics
• Mathematically formulated as a quantum field theory

• Combines two quite unintuitive theories describing 
physics in extreme conditions
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)LJXUH ���� 6XPPDU\ RI WKH SDUWLFOH FRQWHQW RI WKH 6WDQGDUG 0RGHO� 7KH TXDUNV DQG
OHSWRQV KDYH DQWL�SDUWLFOHV ZKLFK LQWHUQDO TXDQWXP QXPEHUV DUH WKH RSSRVLWH� 7KH QHX�
WULQRV DUH PDVVOHVV LQ WKH 6WDQGDUG0RGHO� 3DUWLFOH PDVVHV DUH WDNHQ IURP H[SHULPHQWDO
YDOXHV >�@�

VWDWHV� &RORUOHVV VWDWHV DUH IRUPHG HLWKHU E\ SDLULQJ D TXDUN ZLWK LWV DQWL�TXDUN
WR IRUP VR�FDOOHG PHVRQV� RU E\ FRPELQLQJ WKUHH TXDUNV ZLWK FRORU FKDUJHV UHG�
JUHHQ� DQG EOXH �RU WKH FRUUHVSRQGLQJ DQWL�FRORUV� WR IRUP VR�FDOOHG EDU\RQV�
3HQWDTXDUNV FRQWDLQLQJ ILYH TXDUNV KDYH DOVR EHHQ REVHUYHG LQ UHFHQW \HDUV
>��@�
*OXRQV DUH WKH PHGLDWRUV RI WKH VWURQJ LQWHUDFWLRQ� 7KH LQWHUDFWLRQ EHWZHHQ

JOXRQV DQG TXDUNV LV GHVFULEHG E\ WKH 4XDQWXP &KURPRG\QDPLFV �4&'� VHF�
WRU RI WKH 60� *OXRQV FDUU\ D FRPELQDWLRQ RI FRORU DQG DQWL�FRORU FKDUJH� DQG
IRUP HLJKW OLQHDUO\ LQGHSHQGHQW VWDWHV� 6LQFH WKH\ ERWK FDUU\ WKH TXDQWXP
FKDUJH RI WKH VWURQJ LQWHUDFWLRQ DQG PHGLDWH WKH VDPH� WKH\ DUH VHOI�LQWHUDFWLQJ�
7KLV UHVXOWV LQ DQ DWWUDFWLYH IRUFH EHWZHHQ TXDUNV� ,I WZR TXDUNV DUH VHSDUDWHG
HQRXJK� WKH HQHUJ\ EHWZHHQ WKHP LV HQRXJK WR FUHDWH WZR QHZ TXDUNV� ,Q RWKHU
ZRUGV� TXDUNV DUH DOZD\V FRQILQHG WR KDGURQV� DV PHQWLRQHG HDUOLHU� 7KH SUR�
FHVV RI FUHDWLQJ QHZ TXDUNV LQ WKLV PDQQHU LV NQRZQ DV KDGURQL]DWLRQ� 7KLV LV
WKH RULJLQ RI KDGURQLF MHWV REVHUYHG LQ KLJK�HQHUJ\ SK\VLFV H[SHULPHQWV� 2Q
YHU\ VPDOO GLVWDQFHV� WKH VWURQJ IRUFH LV DFWXDOO\ QRW YHU\ VWURQJ DQG TXDUNV
LQ FORVH SUR[LPLW\ RI HDFK RWKHU FDQ EH FRQVLGHUHG DV DV\PSWRWLFDOO\ IUHH� ,Q
IDFW� WKH SRWHQWLDO RI WKH VWURQJ IRUFH LV DSSUR[LPDWHO\ LQYHUVHO\ SURSRUWLRQDO
WR GLVWDQFH DW VKRUW GLVWDQFHV �DSSUR[LPDWHO\ WKH VL]H RI D QXFOHRQ�� DQG EH�
FRPHV GLUHFWO\ SURSRUWLRQDO DW ORQJ GLVWDQFHV� ZLWK D PLQLPXP DW LQWHUPHGLDWH
GLVWDQFHV�
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Standard Model of particle physics
• Mathematically formulated as a quantum field theory

• Combines two quite unintuitive theories describing 
physics in extreme conditions

• Theory of Relativity
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)LJXUH ���� 6XPPDU\ RI WKH SDUWLFOH FRQWHQW RI WKH 6WDQGDUG 0RGHO� 7KH TXDUNV DQG
OHSWRQV KDYH DQWL�SDUWLFOHV ZKLFK LQWHUQDO TXDQWXP QXPEHUV DUH WKH RSSRVLWH� 7KH QHX�
WULQRV DUH PDVVOHVV LQ WKH 6WDQGDUG0RGHO� 3DUWLFOH PDVVHV DUH WDNHQ IURP H[SHULPHQWDO
YDOXHV >�@�

VWDWHV� &RORUOHVV VWDWHV DUH IRUPHG HLWKHU E\ SDLULQJ D TXDUN ZLWK LWV DQWL�TXDUN
WR IRUP VR�FDOOHG PHVRQV� RU E\ FRPELQLQJ WKUHH TXDUNV ZLWK FRORU FKDUJHV UHG�
JUHHQ� DQG EOXH �RU WKH FRUUHVSRQGLQJ DQWL�FRORUV� WR IRUP VR�FDOOHG EDU\RQV�
3HQWDTXDUNV FRQWDLQLQJ ILYH TXDUNV KDYH DOVR EHHQ REVHUYHG LQ UHFHQW \HDUV
>��@�
*OXRQV DUH WKH PHGLDWRUV RI WKH VWURQJ LQWHUDFWLRQ� 7KH LQWHUDFWLRQ EHWZHHQ

JOXRQV DQG TXDUNV LV GHVFULEHG E\ WKH 4XDQWXP &KURPRG\QDPLFV �4&'� VHF�
WRU RI WKH 60� *OXRQV FDUU\ D FRPELQDWLRQ RI FRORU DQG DQWL�FRORU FKDUJH� DQG
IRUP HLJKW OLQHDUO\ LQGHSHQGHQW VWDWHV� 6LQFH WKH\ ERWK FDUU\ WKH TXDQWXP
FKDUJH RI WKH VWURQJ LQWHUDFWLRQ DQG PHGLDWH WKH VDPH� WKH\ DUH VHOI�LQWHUDFWLQJ�
7KLV UHVXOWV LQ DQ DWWUDFWLYH IRUFH EHWZHHQ TXDUNV� ,I WZR TXDUNV DUH VHSDUDWHG
HQRXJK� WKH HQHUJ\ EHWZHHQ WKHP LV HQRXJK WR FUHDWH WZR QHZ TXDUNV� ,Q RWKHU
ZRUGV� TXDUNV DUH DOZD\V FRQILQHG WR KDGURQV� DV PHQWLRQHG HDUOLHU� 7KH SUR�
FHVV RI FUHDWLQJ QHZ TXDUNV LQ WKLV PDQQHU LV NQRZQ DV KDGURQL]DWLRQ� 7KLV LV
WKH RULJLQ RI KDGURQLF MHWV REVHUYHG LQ KLJK�HQHUJ\ SK\VLFV H[SHULPHQWV� 2Q
YHU\ VPDOO GLVWDQFHV� WKH VWURQJ IRUFH LV DFWXDOO\ QRW YHU\ VWURQJ DQG TXDUNV
LQ FORVH SUR[LPLW\ RI HDFK RWKHU FDQ EH FRQVLGHUHG DV DV\PSWRWLFDOO\ IUHH� ,Q
IDFW� WKH SRWHQWLDO RI WKH VWURQJ IRUFH LV DSSUR[LPDWHO\ LQYHUVHO\ SURSRUWLRQDO
WR GLVWDQFH DW VKRUW GLVWDQFHV �DSSUR[LPDWHO\ WKH VL]H RI D QXFOHRQ�� DQG EH�
FRPHV GLUHFWO\ SURSRUWLRQDO DW ORQJ GLVWDQFHV� ZLWK D PLQLPXP DW LQWHUPHGLDWH
GLVWDQFHV�
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Standard Model of particle physics
• Mathematically formulated as a quantum field theory

• Combines two quite unintuitive theories describing 
physics in extreme conditions

• Theory of Relativity

• Quantum Mechanics
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)LJXUH ���� 6XPPDU\ RI WKH SDUWLFOH FRQWHQW RI WKH 6WDQGDUG 0RGHO� 7KH TXDUNV DQG
OHSWRQV KDYH DQWL�SDUWLFOHV ZKLFK LQWHUQDO TXDQWXP QXPEHUV DUH WKH RSSRVLWH� 7KH QHX�
WULQRV DUH PDVVOHVV LQ WKH 6WDQGDUG0RGHO� 3DUWLFOH PDVVHV DUH WDNHQ IURP H[SHULPHQWDO
YDOXHV >�@�

VWDWHV� &RORUOHVV VWDWHV DUH IRUPHG HLWKHU E\ SDLULQJ D TXDUN ZLWK LWV DQWL�TXDUN
WR IRUP VR�FDOOHG PHVRQV� RU E\ FRPELQLQJ WKUHH TXDUNV ZLWK FRORU FKDUJHV UHG�
JUHHQ� DQG EOXH �RU WKH FRUUHVSRQGLQJ DQWL�FRORUV� WR IRUP VR�FDOOHG EDU\RQV�
3HQWDTXDUNV FRQWDLQLQJ ILYH TXDUNV KDYH DOVR EHHQ REVHUYHG LQ UHFHQW \HDUV
>��@�
*OXRQV DUH WKH PHGLDWRUV RI WKH VWURQJ LQWHUDFWLRQ� 7KH LQWHUDFWLRQ EHWZHHQ

JOXRQV DQG TXDUNV LV GHVFULEHG E\ WKH 4XDQWXP &KURPRG\QDPLFV �4&'� VHF�
WRU RI WKH 60� *OXRQV FDUU\ D FRPELQDWLRQ RI FRORU DQG DQWL�FRORU FKDUJH� DQG
IRUP HLJKW OLQHDUO\ LQGHSHQGHQW VWDWHV� 6LQFH WKH\ ERWK FDUU\ WKH TXDQWXP
FKDUJH RI WKH VWURQJ LQWHUDFWLRQ DQG PHGLDWH WKH VDPH� WKH\ DUH VHOI�LQWHUDFWLQJ�
7KLV UHVXOWV LQ DQ DWWUDFWLYH IRUFH EHWZHHQ TXDUNV� ,I WZR TXDUNV DUH VHSDUDWHG
HQRXJK� WKH HQHUJ\ EHWZHHQ WKHP LV HQRXJK WR FUHDWH WZR QHZ TXDUNV� ,Q RWKHU
ZRUGV� TXDUNV DUH DOZD\V FRQILQHG WR KDGURQV� DV PHQWLRQHG HDUOLHU� 7KH SUR�
FHVV RI FUHDWLQJ QHZ TXDUNV LQ WKLV PDQQHU LV NQRZQ DV KDGURQL]DWLRQ� 7KLV LV
WKH RULJLQ RI KDGURQLF MHWV REVHUYHG LQ KLJK�HQHUJ\ SK\VLFV H[SHULPHQWV� 2Q
YHU\ VPDOO GLVWDQFHV� WKH VWURQJ IRUFH LV DFWXDOO\ QRW YHU\ VWURQJ DQG TXDUNV
LQ FORVH SUR[LPLW\ RI HDFK RWKHU FDQ EH FRQVLGHUHG DV DV\PSWRWLFDOO\ IUHH� ,Q
IDFW� WKH SRWHQWLDO RI WKH VWURQJ IRUFH LV DSSUR[LPDWHO\ LQYHUVHO\ SURSRUWLRQDO
WR GLVWDQFH DW VKRUW GLVWDQFHV �DSSUR[LPDWHO\ WKH VL]H RI D QXFOHRQ�� DQG EH�
FRPHV GLUHFWO\ SURSRUWLRQDO DW ORQJ GLVWDQFHV� ZLWK D PLQLPXP DW LQWHUPHGLDWH
GLVWDQFHV�
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Standard Model of particle physics
• Mathematically formulated as a quantum field theory

• Combines two quite unintuitive theories describing 
physics in extreme conditions

• Theory of Relativity

• Quantum Mechanics

• Incredibly successful theory, predicting and explaining 
decades of experimental measurements, e.g.
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)LJXUH ���� 6XPPDU\ RI WKH SDUWLFOH FRQWHQW RI WKH 6WDQGDUG 0RGHO� 7KH TXDUNV DQG
OHSWRQV KDYH DQWL�SDUWLFOHV ZKLFK LQWHUQDO TXDQWXP QXPEHUV DUH WKH RSSRVLWH� 7KH QHX�
WULQRV DUH PDVVOHVV LQ WKH 6WDQGDUG0RGHO� 3DUWLFOH PDVVHV DUH WDNHQ IURP H[SHULPHQWDO
YDOXHV >�@�

VWDWHV� &RORUOHVV VWDWHV DUH IRUPHG HLWKHU E\ SDLULQJ D TXDUN ZLWK LWV DQWL�TXDUN
WR IRUP VR�FDOOHG PHVRQV� RU E\ FRPELQLQJ WKUHH TXDUNV ZLWK FRORU FKDUJHV UHG�
JUHHQ� DQG EOXH �RU WKH FRUUHVSRQGLQJ DQWL�FRORUV� WR IRUP VR�FDOOHG EDU\RQV�
3HQWDTXDUNV FRQWDLQLQJ ILYH TXDUNV KDYH DOVR EHHQ REVHUYHG LQ UHFHQW \HDUV
>��@�
*OXRQV DUH WKH PHGLDWRUV RI WKH VWURQJ LQWHUDFWLRQ� 7KH LQWHUDFWLRQ EHWZHHQ

JOXRQV DQG TXDUNV LV GHVFULEHG E\ WKH 4XDQWXP &KURPRG\QDPLFV �4&'� VHF�
WRU RI WKH 60� *OXRQV FDUU\ D FRPELQDWLRQ RI FRORU DQG DQWL�FRORU FKDUJH� DQG
IRUP HLJKW OLQHDUO\ LQGHSHQGHQW VWDWHV� 6LQFH WKH\ ERWK FDUU\ WKH TXDQWXP
FKDUJH RI WKH VWURQJ LQWHUDFWLRQ DQG PHGLDWH WKH VDPH� WKH\ DUH VHOI�LQWHUDFWLQJ�
7KLV UHVXOWV LQ DQ DWWUDFWLYH IRUFH EHWZHHQ TXDUNV� ,I WZR TXDUNV DUH VHSDUDWHG
HQRXJK� WKH HQHUJ\ EHWZHHQ WKHP LV HQRXJK WR FUHDWH WZR QHZ TXDUNV� ,Q RWKHU
ZRUGV� TXDUNV DUH DOZD\V FRQILQHG WR KDGURQV� DV PHQWLRQHG HDUOLHU� 7KH SUR�
FHVV RI FUHDWLQJ QHZ TXDUNV LQ WKLV PDQQHU LV NQRZQ DV KDGURQL]DWLRQ� 7KLV LV
WKH RULJLQ RI KDGURQLF MHWV REVHUYHG LQ KLJK�HQHUJ\ SK\VLFV H[SHULPHQWV� 2Q
YHU\ VPDOO GLVWDQFHV� WKH VWURQJ IRUFH LV DFWXDOO\ QRW YHU\ VWURQJ DQG TXDUNV
LQ FORVH SUR[LPLW\ RI HDFK RWKHU FDQ EH FRQVLGHUHG DV DV\PSWRWLFDOO\ IUHH� ,Q
IDFW� WKH SRWHQWLDO RI WKH VWURQJ IRUFH LV DSSUR[LPDWHO\ LQYHUVHO\ SURSRUWLRQDO
WR GLVWDQFH DW VKRUW GLVWDQFHV �DSSUR[LPDWHO\ WKH VL]H RI D QXFOHRQ�� DQG EH�
FRPHV GLUHFWO\ SURSRUWLRQDO DW ORQJ GLVWDQFHV� ZLWK D PLQLPXP DW LQWHUPHGLDWH
GLVWDQFHV�
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Standard Model of particle physics
• Mathematically formulated as a quantum field theory

• Combines two quite unintuitive theories describing 
physics in extreme conditions

• Theory of Relativity

• Quantum Mechanics

• Incredibly successful theory, predicting and explaining 
decades of experimental measurements, e.g.

• Theory:                  ae = 0.001159652181643
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)LJXUH ���� 6XPPDU\ RI WKH SDUWLFOH FRQWHQW RI WKH 6WDQGDUG 0RGHO� 7KH TXDUNV DQG
OHSWRQV KDYH DQWL�SDUWLFOHV ZKLFK LQWHUQDO TXDQWXP QXPEHUV DUH WKH RSSRVLWH� 7KH QHX�
WULQRV DUH PDVVOHVV LQ WKH 6WDQGDUG0RGHO� 3DUWLFOH PDVVHV DUH WDNHQ IURP H[SHULPHQWDO
YDOXHV >�@�

VWDWHV� &RORUOHVV VWDWHV DUH IRUPHG HLWKHU E\ SDLULQJ D TXDUN ZLWK LWV DQWL�TXDUN
WR IRUP VR�FDOOHG PHVRQV� RU E\ FRPELQLQJ WKUHH TXDUNV ZLWK FRORU FKDUJHV UHG�
JUHHQ� DQG EOXH �RU WKH FRUUHVSRQGLQJ DQWL�FRORUV� WR IRUP VR�FDOOHG EDU\RQV�
3HQWDTXDUNV FRQWDLQLQJ ILYH TXDUNV KDYH DOVR EHHQ REVHUYHG LQ UHFHQW \HDUV
>��@�
*OXRQV DUH WKH PHGLDWRUV RI WKH VWURQJ LQWHUDFWLRQ� 7KH LQWHUDFWLRQ EHWZHHQ

JOXRQV DQG TXDUNV LV GHVFULEHG E\ WKH 4XDQWXP &KURPRG\QDPLFV �4&'� VHF�
WRU RI WKH 60� *OXRQV FDUU\ D FRPELQDWLRQ RI FRORU DQG DQWL�FRORU FKDUJH� DQG
IRUP HLJKW OLQHDUO\ LQGHSHQGHQW VWDWHV� 6LQFH WKH\ ERWK FDUU\ WKH TXDQWXP
FKDUJH RI WKH VWURQJ LQWHUDFWLRQ DQG PHGLDWH WKH VDPH� WKH\ DUH VHOI�LQWHUDFWLQJ�
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Standard Model of particle physics
• Mathematically formulated as a quantum field theory

• Combines two quite unintuitive theories describing 
physics in extreme conditions

• Theory of Relativity

• Quantum Mechanics

• Incredibly successful theory, predicting and explaining 
decades of experimental measurements, e.g.

• Theory:                  ae = 0.001159652181643

• Measurement:       ae = 0.00115965218073
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Standard Model of particle physics
• Mathematically formulated as a quantum field theory

• Combines two quite unintuitive theories describing 
physics in extreme conditions

• Theory of Relativity

• Quantum Mechanics

• Incredibly successful theory, predicting and explaining 
decades of experimental measurements, e.g.

• Theory:                  ae = 0.001159652181643

• Measurement:       ae = 0.00115965218073

• Beautiful mathematical formulation - complex but fits 
on a t-shirt
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Large Hadron Collider (LHC)
• Circular underground tunnel, 

27 km in circumference


• Beams of protons accelerated 
by electric fields in both 
directions to collision energy 
of 6.5+6.5 TeV 
(99.999999% of c)


• Superconducting magnets 
bend the beams to keep them 
in orbit


• Beams make 11 000 turns per 
second


• Planned since 1980s, first 
collisions in 2009



The ATLAS detector



The ATLAS detector



ATLAS Collaboration

• Formed in 1992, now includes 
~5000 members (~3000 authors) 
from 181 institutions in 38 
countries


• Around 1200 PhD students are 
being trained as researchers


• Most collaborators are at based at 
their home institutes, but during 
normal times we come to CERN to 
help operate the detector, discuss, 
plan for the future upgrades, etc



Many students find this fascinating, but a bit hard to grasp, 
and it sounds pretty far away from their experiences



Many students find this fascinating, but a bit hard to grasp, 
and it sounds pretty far away from their experiences

Can we overcome that?



History of our open-data labs
• In 2018 we decided to make a new lab for Applied 

Modern Physics (SH1015), a third-year course taken by 
~120 students in the Engineering Physics BSc program
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at the department

• Main learning goals: get hands-on experience with 
modern physics, get experience of statistical analysis, 
learning to apply statistical methods to extract 
measurements (fit and evaluate models with data)

• Students are interested in the research at CERN - 
can we design a lab where they get to explore the 
subatomic world? Coincided with release of public 
dataset from ATLAS.
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History of our open-data labs
• In 2018 we decided to make a new lab for Applied 

Modern Physics (SH1015), a third-year course taken by 
~120 students in the Engineering Physics BSc program

• Four labs and a longer project connected to research 
at the department

• Main learning goals: get hands-on experience with 
modern physics, get experience of statistical analysis, 
learning to apply statistical methods to extract 
measurements (fit and evaluate models with data)

• Students are interested in the research at CERN - 
can we design a lab where they get to explore the 
subatomic world? Coincided with release of public 
dataset from ATLAS.

• Challenge: setting up the software environment 
needed is fragile and cumbersome - but there are new 
powerful tools!
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• A series of notebooks contain brief tutorials:


• python and ROOT: histograms, 
functions, looping over events


• ATLAS: detector, coordinate systems,  
, ,  and invariant mass


• Z boson: role in SM, decay modes


• How to fit a distribution, extract model 
parameters, determine fit quality 
( )

pT η ϕ

χ2/nDoF

Jupiter notebooks
Z0/�

e+

e�

µ+

µ�

Feynman diagram shows 
what particles are produced 

in the decay and can be  
measured in the detector
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Jupiter notebooks
Z0/�

e+

e�

µ+

µ�

Feynman diagram shows 
what particles are produced 

in the decay and can be  
measured in the detector

• A series of notebooks contain brief tutorials:


• python and ROOT: histograms, 
functions, looping over events


• ATLAS: detector, coordinate systems,  
, ,  and invariant mass


• Z boson: role in SM, decay modes


• How to fit a distribution, extract model 
parameters, determine fit quality 
( )
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Jupiter notebooks
Z0/�

e+

e�

µ+

µ�

Feynman diagram shows 
what particles are produced 

in the decay and can be  
measured in the detector

• A series of notebooks contain brief tutorials:


• python and ROOT: histograms, 
functions, looping over events


• ATLAS: detector, coordinate systems,  
, ,  and invariant mass


• Z boson: role in SM, decay modes


• How to fit a distribution, extract model 
parameters, determine fit quality 
( )

pT η ϕ

χ2/nDoF



Z0/�

e+

e�

µ+

µ�

Feynman diagram shows 
what particles are produced 

in the decay and can be  
measured in the detector

Results from 1st year

• Lots to learn:


• Different Z shapes for  and 
 - bremsstrahlung, 

resolution, etc


• Width-lifetime connection


• Background processes, small 
but still important to model

e+e−

μ+μ−

14

Invariant-mass  
peak from Z!



Another lab created in 2019

• Subatomic Physics (SH2103) is an intro to 
nuclear and particle physics, compulsory for 
4th-year students taking the Subatomic and 
Astrophysics MSc track - typically ~20 students  
(I took over as course responsible in 2019)


• Mainly based around lectures, with two labs - 
one about nuclear physics and one about 
particle physics


• Previous particle lab quite dated: shallow 
"analysis" of (old) event displays to learn a bit 
about signatures of different events at collider 
experiments


• Coincided exactly with release of 10 fb-1 of 
data —> decided to let the students try to find 
the Higgs!

15

https://www.kth.se/student/kurser/kurs/SH2103?l=en


Instructions

16

• Clear instructions are 
imperative! 


•  

•  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• Clear instructions are 
imperative! 


• Especially important for 
technical instructions!


• Tried to be as clear as 
possible first year, 
refined technical setup 
and covered corner 
cases based on student 
experiences

Instructions



Play with Docker

18

• Benefit of Docker - they 
provide sandbox with 
web interface  all 
that’s needed is a 
browser!


•  
 
 
 
 

→



Play with Docker
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Play with Docker
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• Benefit of Docker - they 
provide sandbox with 
web interface  all 
that’s needed is a 
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Play with Docker
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• Benefit of Docker - they 
provide sandbox with 
web interface  all 
that’s needed is a 
browser!

→

• NB! Always think about 
backup solutions when 
using third party 
services - probably 
can’t rely on this service 
to always be available



Use Z as example

21



Use Z as example
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• Focus of this lab is 
more on the physics
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• Focus of this lab is 
more on the physics

• Give example of 
 Z → ℓ+ℓ−
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• Focus of this lab is 
more on the physics

• Give example of 
 Z → ℓ+ℓ−

•  
 



Use Z as example
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• Focus of this lab is 
more on the physics


• Give example of 
 


•  
 
 

Z → ℓ+ℓ−



The task (bare bones)
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• Focus of this lab is 
more on the physics


• Give example of 
 


• More open task: 
explore the data 
and try to find a 
subatomic particle!

Z → ℓ+ℓ−



Results

• The lectures given when the lab is made 
available is focused on the discovery of the 
Higgs — most students take the hint and try 
to find it in the data!


• Quite nice results! This is without much 
more than requiring two OSSF lepton pairs!


• Also had one group that tried both 4l and 
diphoton - the latter requires quite a bit 
more work, but the students went digging in 
the Higgs discovery papers for details and 
managed to dig out a small bump

24
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The students like it!
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GENERAL QUESTIONS

What was the best aspect of the course?

What was the best aspect of the course? (I worked: 6-8 timmar/vecka)
The lab exercises.

What was the best aspect of the course? (I worked: 9-11 timmar/vecka)
Jag tyckte att de två bästa var att det var en bra sammanfattande och inledande kurs i programmet, samt labbarna.
I really enjoyed the Particle Physics Lab ! Truly a great way to apply what we learn to real data.
The constant reminders and ways to try and teach us difficult concepts which made them stick e.g Feynman diagram. 

What was the best aspect of the course? (I worked: 12-14 timmar/vecka)
The organization and order of topics was logical and easy to follow. Also high engagement from the teachers which made the subjects more 
interesting to study.
Learning more about particle and nuclear physics.  
The fact that the course was open and inclusive, and that it was really important to the teacher. I felt welcome in this course. 
The teachers, they were open, were there to help us achieve and learn new things.
The quiz in the end of lectures
In general it was an interesting topic and good lecturers. 

What was the best aspect of the course? (I worked: 15-17 timmar/vecka)
The labs and the teachers passion from the subject
The nuclear lab was very fun. I also liked all the lectures

What was the best aspect of the course? (I worked: 18-20 timmar/vecka)
The labs were very interesting. I love the subject.

What would you suggest to improve?

What would you suggest to improve? (I worked: 6-8 timmar/vecka)
The layout and structure of the nuclear physics slides. I found that a bit incoherent and rather difficult to follow.

What would you suggest to improve? (I worked: 9-11 timmar/vecka)
Kursboken var lite för koncis ibland, andra gånger för pratig, samt ibland för specifik (hoppar in direkt på specialfall utan att fortsätta utveckla 
det allmänna konceptet). Kanske en annan bok skulle lämpa sig bättre.
More exercises to train ourselves could be welcome.
A way to more connect the particle and nuclear part as they felt more like two different courses than one. 

What would you suggest to improve? (I worked: 12-14 timmar/vecka)
I think the concept of office hours is really good, where you can ask questions on a regular/weekly basis, I am not sure if this is normally part of
the course when there is not Covid, so perhaps to make that permanent.
Do also more menti quizz in the nuclear part. 
More homework with bonus points

What would you suggest to improve? (I worked: 15-17 timmar/vecka)
It would have been really helpful in one lecture for each part had a problem solving class bu the end of each part. Not necessarily held by the 
teachers themselves if time is short, by from a TA or similar. 
Give the particle lab earlier. We had very much to to with the hand in problem, do the lab and write the lab report the last week.

What would you suggest to improve? (I worked: 18-20 timmar/vecka)
Maybe include one "övning" after the nuclear part and one after the particle part to work with the information some more than just the last 
lecture. We had very little time to work through some examples sometimes. 

The students like it!
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Works also for high school
• Every now and then get contacted 

by high school students who are 
interested in particle physics


• Tried to use this setup for such a 
project — worked very well! 


• Student had very rudimentary 
experience with programming but 
learned python quite quickly and 
could analyse the research data — 
got a lot more done than I had 
hoped!

27

(Link to agenda)

https://indico.cern.ch/event/813935/timetable/#44-high-school-project-with-op
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(Link to agenda)

My experience

● Fun and interesting
● New concepts
● Challenging
● Most difficult: ROOT and programming
● Most interesting: The theory

https://indico.cern.ch/event/813935/timetable/#44-high-school-project-with-op


Try out the docker image! 

28

Link to docker image

https://hub.docker.com/r/kthatlas/opendatalab
https://hub.docker.com/r/kthatlas/opendatalab


All repositories are public
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Find-a-new-particle notebook repo!  
(Z as tutorial example)

Simple Dockerfile 
for pyROOT+Jupyter 
and own repo with 
lab info/exercises

Feel free to fork and adapt (credit/link appreciated), 
also very happy to discuss and exchange ideas!

https://github.com/cohm
https://github.com/cohm/OpenAtlasDataLab
https://github.com/cohm/docker-opendatalab


It’s worth pointing out that these labs worked very well and required 
little adjustment for the very different year of 2020 and 2021


(But supervising labs remotely via Zoom does require more 
preparation than when walking around between groups in person)



Summary
• Designed two labs for engineering students using open research data from the ATLAS experiment


• I find it incredibly powerful to pique the students’ interest and curiosity when asking them to 
explore themselves


• The students get access to the subatomic world, and gain real hands-on experience with 
analysing experimental data


• Main lessons for me:


• Make technical part as simple as possible, exact instructions are key - docker is powerful!


• The students really like to explore - we use this a lot!


• Very happy to discuss and share experiences - we’ve pushed ~500 students through measuring 
the Z mass by now, and ~60 trying to find the Higgs! 
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