
& M. M. Altakach & P. Lamba & V. Mitsou & K. Sakurai 

Planck 2022 02-06-2022

Rafał Masełek

Multiply charged quasi-stable particles 
at Run-3 and High-Luminosity LHC. 

Prospects for the discovery.

Work supported by  
NCN SONATA BIS 7 GRANT  
(2017/26/E/ST2/00135)

and
NCN BEETHOVEN GRANT

(2016/23/G/ST2/04301)



R. Masełek    Planck 2022    02-06-2022

arXiv:2204.03667

Submitted  
to EPJC



R. Masełek    Planck 2022    02-06-2022

Can we discover LLPs  
at Run-3 LHC/HL-LHC?



R. Masełek    Planck 2022    02-06-2022

Can we discover LLPs  
at Run-3 LHC/HL-LHC?

Long-lived particles

Multiply-Charged Particles 



R. Masełek    Planck 2022    02-06-2022

Can we discover LLPs  
at Run-3 LHC/HL-LHC?

Long-lived particles

Multiply-Charged Particles 

ATLAS

CMS
MoEDAL



R. Masełek    Planck 2022    02-06-2022

Can we discover LLPs  
at Run-3 LHC/HL-LHC?

Long-lived particles

Multiply-Charged Particles 

ATLAS

CMSopen/closed production

bound states

MoEDAL



R. Masełek    Planck 2022    02-06-2022

Can we discover LLPs  
at Run-3 LHC/HL-LHC?

Long-lived particles

Multiply-Charged Particles 

ATLAS

CMSopen/closed production

bound states

MoEDAL
sensitivity

detection reachlower mass bounds

simplified models

upper cross-section limits



R. Masełek    Planck 2022    02-06-2022

Multiply charged heavy (quasi)stable particles

SUSY L-R
Type II Seesaw

Extra dimensional
Radiative neutrino mass

Color Twisted Top Partners

1 2 3 4 5 6 7 8 |Q|[e]



R. Masełek    Planck 2022    02-06-2022

Multiply charged heavy (quasi)stable particles

SUSY L-R
Type II Seesaw

Extra dimensional
Radiative neutrino mass

Color Twisted Top Partners

1 2 3 4 5 6 7 8 |Q|[e]

SU(2) 
singlet colour singlet colour triplet

spin 0 colourless 
scalar

coloured 
scalar

spin 1/2 colourless 
fermion

coloured 
fermion



R. Masełek    Planck 2022    02-06-2022

Multiply charged heavy (quasi)stable particles

SUSY L-R
Type II Seesaw

Extra dimensional
Radiative neutrino mass

Color Twisted Top Partners

1 2 3 4 5 6 7 8 |Q|

SU(2) 
singlet colour singlet colour triplet

spin 0 colourless 
scalar

coloured 
scalar

spin 1/2 colourless 
fermion

coloured 
fermion

The particles don’t have to be stable, but we do not specify their decays.
We treat their decay length as a free parameter or assume they are 
"collider-stable".

ℒ = ℒSM + ℒKIN + ℒMASS + ⋯

[e]
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<latexit sha1_base64="mhvBR9862tq6Zgxtvmd+ylZMP6E=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbVqEeiF4+QyCOBDZkdGhiZnV1nZk3Ihi/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3n1BpHsl7M47RD+lA8j5n1Fip9tgtltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dHTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+ymXcWJQsvmifiKIicj0a9LjCpkRY0soU9zeStiQKsqMzaZgQ/AWX14mjbOyd1k+r12UKjdZHHk4gmM4BQ+uoAJ3UIU6MEB4hld4cx6cF+fd+Zi35pxs5hD+wPn8Ad45jP0=</latexit>q

<latexit sha1_base64="3ut1nKeUAO39/YbjLgKVOSNneuI=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0V9Vj04rGC/YB2Kdk028ZmkzXJCmXpf/DiQRGv/h9v/hvTdg/a+mDg8d4MM/PCRHBjPe8bLS2vrK6tFzaKm1vbO7ulvf2GUammrE6VULoVEsMEl6xuuRWslWhG4lCwZji8mfjNJ6YNV/LejhIWxKQvecQpsU5qdEKi8WO3VPYq3hR4kfg5KUOOWrf01ekpmsZMWiqIMW3fS2yQEW05FWxc7KSGJYQOSZ+1HZUkZibIpteO8bFTejhS2pW0eKr+nshIbMwoDl1nTOzAzHsT8T+vndroKsi4TFLLJJ0tilKBrcKT13GPa0atGDlCqObuVkwHRBNqXUBFF4I///IiaZxW/IvK2d15uXqdx1GAQziCE/DhEqpwCzWoA4UHeIZXeEMKvaB39DFrXUL5zAH8Afr8ASy8juA=</latexit>

q̄

<latexit sha1_base64="ypkuMI89CwR+Wjjb2iM9yTdhzMI=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJIkbKroh6LXjxWsB/Ybks2zbahSXZNsoVS+ju8eFDEqz/Gm//GtN2Dtj4YeLw3w8y8IOZMG9f9dpaWV1bX1jMb2c2t7Z3d3N5+VUeJIrRCIh6peoA15UzSimGG03qsKBYBp7WgfzvxawOqNIvkgxnG1Be4K1nICDZW8ptdLARuFU7RY6vQzuXdojsFWiReSvKQotzOfTU7EUkElYZwrHXDc2Pjj7AyjHA6zjYTTWNM+rhLG5ZKLKj2R9Ojx+jYKh0URsqWNGiq/p4YYaH1UAS2U2DT0/PeRPzPayQmvPZHTMaJoZLMFoUJRyZCkwRQhylKDB9agoli9lZEelhhYmxOWRuCN//yIqmeFb3L4vn9Rb50k8aRgUM4ghPw4ApKcAdlqACBJ3iGV3hzBs6L8+58zFqXnHTmAP7A+fwBOgiRGQ==</latexit>

�⇤, Z⇤

<latexit sha1_base64="n3Ryj4HqlStNr2msmnp8TCXXATk=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWQVBKoqIui25ctmAv0MQymU7boZNkmJkINRRfxY0LRdz6Hu58G6dtFtr6w8DHf87hnPkDwZnSjvNt5RYWl5ZX8quFtfWNzS17e6eu4kQSWiMxj2UzwIpyFtGaZprTppAUhwGnjWBwM643HqhULI7u9FBQP8S9iHUZwdpYbXvPE312nx5XRyfIE2qKbbvolJyJ0Dy4GRQhU6Vtf3mdmCQhjTThWKmW6wjtp1hqRjgdFbxEUYHJAPdoy2CEQ6r8dHL9CB0ap4O6sTQv0mji/p5IcajUMAxMZ4h1X83WxuZ/tVaiu1d+yiKRaBqR6aJuwpGO0TgK1GGSEs2HBjCRzNyKSB9LTLQJrGBCcGe/PA/105J7UTqrnhfL11kcediHAzgCFy6hDLdQgRoQeIRneIU368l6sd6tj2lrzspmduGPrM8fm4aUsA==</latexit>

�+Q, +Q

<latexit sha1_base64="pbvRi2LQvzMAQewVSx/W2IsFHMk=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWwYWWREVdFt24bMFeoIllMp22QyfJMDMRaii+ihsXirj1Pdz5Nk7bLLT1h4GP/5zDOfMHgjOlHefbyi0sLi2v5FcLa+sbm1v29k5dxYkktEZiHstmgBXlLKI1zTSnTSEpDgNOG8HgZlxvPFCpWBzd6aGgfoh7EesygrWx2vaeJ/rsPj2pjo6RJ9QU23bRKTkToXlwMyhCpkrb/vI6MUlCGmnCsVIt1xHaT7HUjHA6KniJogKTAe7RlsEIh1T56eT6ETo0Tgd1Y2lepNHE/T2R4lCpYRiYzhDrvpqtjc3/aq1Ed6/8lEUi0TQi00XdhCMdo3EUqMMkJZoPDWAimbkVkT6WmGgTWMGE4M5+eR7qpyX3onRWPS+Wr7M48rAPB3AELlxCGW6hAjUg8AjP8Apv1pP1Yr1bH9PWnJXN7MIfWZ8/obSUtA==</latexit>

��Q, �Q

<latexit sha1_base64="WJrnTbCI6BFcK+Ymyeq5Ikx2cLw=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBi2XXinosevHYgv2Qdi3ZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hbqt56o0iyS92YcU1/ggWQhI9hY6aEbD9ljelaf9Iolt+zOgJaJl5ESZKj1il/dfkQSQaUhHGvd8dzY+ClWhhFOJ4VuommMyQgPaMdSiQXVfjo7eIJOrNJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/Xicx4bWfMhknhkoyXxQmHJkITb9HfaYoMXxsCSaK2VsRGWKFibEZFWwI3uLLy6R5XvYuy5X6Ral6k8WRhyM4hlPw4AqqcAc1aAABAc/wCm+Ocl6cd+dj3ppzsplD+APn8wef7JBN</latexit>

��Q

<latexit sha1_base64="IVX+iwJDmEPN2U5L2s/ovky/1QU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMquFfVY9OKxBfsh7VqyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0e3Ubz1RpVkk7804pr7AA8lCRrCx0kM3HrLH9Kw+6RVLbtmdAS0TLyMlyFDrFb+6/YgkgkpDONa647mx8VOsDCOcTgrdRNMYkxEe0I6lEguq/XR28ASdWKWPwkjZkgbN1N8TKRZaj0VgOwU2Q73oTcX/vE5iwms/ZTJODJVkvihMODIRmn6P+kxRYvjYEkwUs7ciMsQKE2MzKtgQvMWXl0nzvOxdliv1i1L1JosjD0dwDKfgwRVU4Q5q0AACAp7hFd4c5bw4787HvDXnZDOH8AfO5w+c4JBL</latexit>
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��Q, �Q
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��Q

<latexit sha1_base64="IVX+iwJDmEPN2U5L2s/ovky/1QU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMquFfVY9OKxBfsh7VqyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0e3Ubz1RpVkk7804pr7AA8lCRrCx0kM3HrLH9Kw+6RVLbtmdAS0TLyMlyFDrFb+6/YgkgkpDONa647mx8VOsDCOcTgrdRNMYkxEe0I6lEguq/XR28ASdWKWPwkjZkgbN1N8TKRZaj0VgOwU2Q73oTcX/vE5iwms/ZTJODJVkvihMODIRmn6P+kxRYvjYEkwUs7ciMsQKE2MzKtgQvMWXl0nzvOxdliv1i1L1JosjD0dwDKfgwRVU4Q5q0AACAp7hFd4c5bw4787HvDXnZDOH8AfO5w+c4JBL</latexit>

�+Q<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�

<latexit sha1_base64="n3Ryj4HqlStNr2msmnp8TCXXATk=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWQVBKoqIui25ctmAv0MQymU7boZNkmJkINRRfxY0LRdz6Hu58G6dtFtr6w8DHf87hnPkDwZnSjvNt5RYWl5ZX8quFtfWNzS17e6eu4kQSWiMxj2UzwIpyFtGaZprTppAUhwGnjWBwM643HqhULI7u9FBQP8S9iHUZwdpYbXvPE312nx5XRyfIE2qKbbvolJyJ0Dy4GRQhU6Vtf3mdmCQhjTThWKmW6wjtp1hqRjgdFbxEUYHJAPdoy2CEQ6r8dHL9CB0ap4O6sTQv0mji/p5IcajUMAxMZ4h1X83WxuZ/tVaiu1d+yiKRaBqR6aJuwpGO0TgK1GGSEs2HBjCRzNyKSB9LTLQJrGBCcGe/PA/105J7UTqrnhfL11kcediHAzgCFy6hDLdQgRoQeIRneIU368l6sd6tj2lrzspmduGPrM8fm4aUsA==</latexit>

�+Q, +Q

<latexit sha1_base64="pbvRi2LQvzMAQewVSx/W2IsFHMk=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWwYWWREVdFt24bMFeoIllMp22QyfJMDMRaii+ihsXirj1Pdz5Nk7bLLT1h4GP/5zDOfMHgjOlHefbyi0sLi2v5FcLa+sbm1v29k5dxYkktEZiHstmgBXlLKI1zTSnTSEpDgNOG8HgZlxvPFCpWBzd6aGgfoh7EesygrWx2vaeJ/rsPj2pjo6RJ9QU23bRKTkToXlwMyhCpkrb/vI6MUlCGmnCsVIt1xHaT7HUjHA6KniJogKTAe7RlsEIh1T56eT6ETo0Tgd1Y2lepNHE/T2R4lCpYRiYzhDrvpqtjc3/aq1Ed6/8lEUi0TQi00XdhCMdo3EUqMMkJZoPDWAimbkVkT6WmGgTWMGE4M5+eR7qpyX3onRWPS+Wr7M48rAPB3AELlxCGW6hAjUg8AjP8Apv1pP1Yr1bH9PWnJXN7MIfWZ8/obSUtA==</latexit>

��Q, �Q

<latexit sha1_base64="mhvBR9862tq6Zgxtvmd+ylZMP6E=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbVqEeiF4+QyCOBDZkdGhiZnV1nZk3Ihi/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3n1BpHsl7M47RD+lA8j5n1Fip9tgtltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dHTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+ymXcWJQsvmifiKIicj0a9LjCpkRY0soU9zeStiQKsqMzaZgQ/AWX14mjbOyd1k+r12UKjdZHHk4gmM4BQ+uoAJ3UIU6MEB4hld4cx6cF+fd+Zi35pxs5hD+wPn8Ad45jP0=</latexit>q

<latexit sha1_base64="3ut1nKeUAO39/YbjLgKVOSNneuI=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0V9Vj04rGC/YB2Kdk028ZmkzXJCmXpf/DiQRGv/h9v/hvTdg/a+mDg8d4MM/PCRHBjPe8bLS2vrK6tFzaKm1vbO7ulvf2GUammrE6VULoVEsMEl6xuuRWslWhG4lCwZji8mfjNJ6YNV/LejhIWxKQvecQpsU5qdEKi8WO3VPYq3hR4kfg5KUOOWrf01ekpmsZMWiqIMW3fS2yQEW05FWxc7KSGJYQOSZ+1HZUkZibIpteO8bFTejhS2pW0eKr+nshIbMwoDl1nTOzAzHsT8T+vndroKsi4TFLLJJ0tilKBrcKT13GPa0atGDlCqObuVkwHRBNqXUBFF4I///IiaZxW/IvK2d15uXqdx1GAQziCE/DhEqpwCzWoA4UHeIZXeEMKvaB39DFrXUL5zAH8Afr8ASy8juA=</latexit>

q̄

<latexit sha1_base64="ypkuMI89CwR+Wjjb2iM9yTdhzMI=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJIkbKroh6LXjxWsB/Ybks2zbahSXZNsoVS+ju8eFDEqz/Gm//GtN2Dtj4YeLw3w8y8IOZMG9f9dpaWV1bX1jMb2c2t7Z3d3N5+VUeJIrRCIh6peoA15UzSimGG03qsKBYBp7WgfzvxawOqNIvkgxnG1Be4K1nICDZW8ptdLARuFU7RY6vQzuXdojsFWiReSvKQotzOfTU7EUkElYZwrHXDc2Pjj7AyjHA6zjYTTWNM+rhLG5ZKLKj2R9Ojx+jYKh0URsqWNGiq/p4YYaH1UAS2U2DT0/PeRPzPayQmvPZHTMaJoZLMFoUJRyZCkwRQhylKDB9agoli9lZEelhhYmxOWRuCN//yIqmeFb3L4vn9Rb50k8aRgUM4ghPw4ApKcAdlqACBJ3iGV3hzBs6L8+58zFqXnHTmAP7A+fwBOgiRGQ==</latexit>

�⇤, Z⇤

<latexit sha1_base64="n3Ryj4HqlStNr2msmnp8TCXXATk=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWQVBKoqIui25ctmAv0MQymU7boZNkmJkINRRfxY0LRdz6Hu58G6dtFtr6w8DHf87hnPkDwZnSjvNt5RYWl5ZX8quFtfWNzS17e6eu4kQSWiMxj2UzwIpyFtGaZprTppAUhwGnjWBwM643HqhULI7u9FBQP8S9iHUZwdpYbXvPE312nx5XRyfIE2qKbbvolJyJ0Dy4GRQhU6Vtf3mdmCQhjTThWKmW6wjtp1hqRjgdFbxEUYHJAPdoy2CEQ6r8dHL9CB0ap4O6sTQv0mji/p5IcajUMAxMZ4h1X83WxuZ/tVaiu1d+yiKRaBqR6aJuwpGO0TgK1GGSEs2HBjCRzNyKSB9LTLQJrGBCcGe/PA/105J7UTqrnhfL11kcediHAzgCFy6hDLdQgRoQeIRneIU368l6sd6tj2lrzspmduGPrM8fm4aUsA==</latexit>

�+Q, +Q

<latexit sha1_base64="pbvRi2LQvzMAQewVSx/W2IsFHMk=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWwYWWREVdFt24bMFeoIllMp22QyfJMDMRaii+ihsXirj1Pdz5Nk7bLLT1h4GP/5zDOfMHgjOlHefbyi0sLi2v5FcLa+sbm1v29k5dxYkktEZiHstmgBXlLKI1zTSnTSEpDgNOG8HgZlxvPFCpWBzd6aGgfoh7EesygrWx2vaeJ/rsPj2pjo6RJ9QU23bRKTkToXlwMyhCpkrb/vI6MUlCGmnCsVIt1xHaT7HUjHA6KniJogKTAe7RlsEIh1T56eT6ETo0Tgd1Y2lepNHE/T2R4lCpYRiYzhDrvpqtjc3/aq1Ed6/8lEUi0TQi00XdhCMdo3EUqMMkJZoPDWAimbkVkT6WmGgTWMGE4M5+eR7qpyX3onRWPS+Wr7M48rAPB3AELlxCGW6hAjUg8AjP8Apv1pP1Yr1bH9PWnJXN7MIfWZ8/obSUtA==</latexit>

��Q, �Q

<latexit sha1_base64="WJrnTbCI6BFcK+Ymyeq5Ikx2cLw=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBi2XXinosevHYgv2Qdi3ZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hbqt56o0iyS92YcU1/ggWQhI9hY6aEbD9ljelaf9Iolt+zOgJaJl5ESZKj1il/dfkQSQaUhHGvd8dzY+ClWhhFOJ4VuommMyQgPaMdSiQXVfjo7eIJOrNJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/Xicx4bWfMhknhkoyXxQmHJkITb9HfaYoMXxsCSaK2VsRGWKFibEZFWwI3uLLy6R5XvYuy5X6Ral6k8WRhyM4hlPw4AqqcAc1aAABAc/wCm+Ocl6cd+dj3ppzsplD+APn8wef7JBN</latexit>

��Q

<latexit sha1_base64="IVX+iwJDmEPN2U5L2s/ovky/1QU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMquFfVY9OKxBfsh7VqyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0e3Ubz1RpVkk7804pr7AA8lCRrCx0kM3HrLH9Kw+6RVLbtmdAS0TLyMlyFDrFb+6/YgkgkpDONa647mx8VOsDCOcTgrdRNMYkxEe0I6lEguq/XR28ASdWKWPwkjZkgbN1N8TKRZaj0VgOwU2Q73oTcX/vE5iwms/ZTJODJVkvihMODIRmn6P+kxRYvjYEkwUs7ciMsQKE2MzKtgQvMWXl0nzvOxdliv1i1L1JosjD0dwDKfgwRVU4Q5q0AACAp7hFd4c5bw4787HvDXnZDOH8AfO5w+c4JBL</latexit>

�+Q<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�

<latexit sha1_base64="n3Ryj4HqlStNr2msmnp8TCXXATk=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWQVBKoqIui25ctmAv0MQymU7boZNkmJkINRRfxY0LRdz6Hu58G6dtFtr6w8DHf87hnPkDwZnSjvNt5RYWl5ZX8quFtfWNzS17e6eu4kQSWiMxj2UzwIpyFtGaZprTppAUhwGnjWBwM643HqhULI7u9FBQP8S9iHUZwdpYbXvPE312nx5XRyfIE2qKbbvolJyJ0Dy4GRQhU6Vtf3mdmCQhjTThWKmW6wjtp1hqRjgdFbxEUYHJAPdoy2CEQ6r8dHL9CB0ap4O6sTQv0mji/p5IcajUMAxMZ4h1X83WxuZ/tVaiu1d+yiKRaBqR6aJuwpGO0TgK1GGSEs2HBjCRzNyKSB9LTLQJrGBCcGe/PA/105J7UTqrnhfL11kcediHAzgCFy6hDLdQgRoQeIRneIU368l6sd6tj2lrzspmduGPrM8fm4aUsA==</latexit>

�+Q, +Q

<latexit sha1_base64="pbvRi2LQvzMAQewVSx/W2IsFHMk=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWwYWWREVdFt24bMFeoIllMp22QyfJMDMRaii+ihsXirj1Pdz5Nk7bLLT1h4GP/5zDOfMHgjOlHefbyi0sLi2v5FcLa+sbm1v29k5dxYkktEZiHstmgBXlLKI1zTSnTSEpDgNOG8HgZlxvPFCpWBzd6aGgfoh7EesygrWx2vaeJ/rsPj2pjo6RJ9QU23bRKTkToXlwMyhCpkrb/vI6MUlCGmnCsVIt1xHaT7HUjHA6KniJogKTAe7RlsEIh1T56eT6ETo0Tgd1Y2lepNHE/T2R4lCpYRiYzhDrvpqtjc3/aq1Ed6/8lEUi0TQi00XdhCMdo3EUqMMkJZoPDWAimbkVkT6WmGgTWMGE4M5+eR7qpyX3onRWPS+Wr7M48rAPB3AELlxCGW6hAjUg8AjP8Apv1pP1Yr1bH9PWnJXN7MIfWZ8/obSUtA==</latexit>

��Q, �Q

s-channel (DY)

t-channel 
photon fusion

seagull  
photon fusion  
(scalar only)

Production mechanism (open channel)
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<latexit sha1_base64="mhvBR9862tq6Zgxtvmd+ylZMP6E=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbVqEeiF4+QyCOBDZkdGhiZnV1nZk3Ihi/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3n1BpHsl7M47RD+lA8j5n1Fip9tgtltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dHTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+ymXcWJQsvmifiKIicj0a9LjCpkRY0soU9zeStiQKsqMzaZgQ/AWX14mjbOyd1k+r12UKjdZHHk4gmM4BQ+uoAJ3UIU6MEB4hld4cx6cF+fd+Zi35pxs5hD+wPn8Ad45jP0=</latexit>q

<latexit sha1_base64="3ut1nKeUAO39/YbjLgKVOSNneuI=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0V9Vj04rGC/YB2Kdk028ZmkzXJCmXpf/DiQRGv/h9v/hvTdg/a+mDg8d4MM/PCRHBjPe8bLS2vrK6tFzaKm1vbO7ulvf2GUammrE6VULoVEsMEl6xuuRWslWhG4lCwZji8mfjNJ6YNV/LejhIWxKQvecQpsU5qdEKi8WO3VPYq3hR4kfg5KUOOWrf01ekpmsZMWiqIMW3fS2yQEW05FWxc7KSGJYQOSZ+1HZUkZibIpteO8bFTejhS2pW0eKr+nshIbMwoDl1nTOzAzHsT8T+vndroKsi4TFLLJJ0tilKBrcKT13GPa0atGDlCqObuVkwHRBNqXUBFF4I///IiaZxW/IvK2d15uXqdx1GAQziCE/DhEqpwCzWoA4UHeIZXeEMKvaB39DFrXUL5zAH8Afr8ASy8juA=</latexit>

q̄

<latexit sha1_base64="ypkuMI89CwR+Wjjb2iM9yTdhzMI=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJIkbKroh6LXjxWsB/Ybks2zbahSXZNsoVS+ju8eFDEqz/Gm//GtN2Dtj4YeLw3w8y8IOZMG9f9dpaWV1bX1jMb2c2t7Z3d3N5+VUeJIrRCIh6peoA15UzSimGG03qsKBYBp7WgfzvxawOqNIvkgxnG1Be4K1nICDZW8ptdLARuFU7RY6vQzuXdojsFWiReSvKQotzOfTU7EUkElYZwrHXDc2Pjj7AyjHA6zjYTTWNM+rhLG5ZKLKj2R9Ojx+jYKh0URsqWNGiq/p4YYaH1UAS2U2DT0/PeRPzPayQmvPZHTMaJoZLMFoUJRyZCkwRQhylKDB9agoli9lZEelhhYmxOWRuCN//yIqmeFb3L4vn9Rb50k8aRgUM4ghPw4ApKcAdlqACBJ3iGV3hzBs6L8+58zFqXnHTmAP7A+fwBOgiRGQ==</latexit>

�⇤, Z⇤

<latexit sha1_base64="n3Ryj4HqlStNr2msmnp8TCXXATk=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWQVBKoqIui25ctmAv0MQymU7boZNkmJkINRRfxY0LRdz6Hu58G6dtFtr6w8DHf87hnPkDwZnSjvNt5RYWl5ZX8quFtfWNzS17e6eu4kQSWiMxj2UzwIpyFtGaZprTppAUhwGnjWBwM643HqhULI7u9FBQP8S9iHUZwdpYbXvPE312nx5XRyfIE2qKbbvolJyJ0Dy4GRQhU6Vtf3mdmCQhjTThWKmW6wjtp1hqRjgdFbxEUYHJAPdoy2CEQ6r8dHL9CB0ap4O6sTQv0mji/p5IcajUMAxMZ4h1X83WxuZ/tVaiu1d+yiKRaBqR6aJuwpGO0TgK1GGSEs2HBjCRzNyKSB9LTLQJrGBCcGe/PA/105J7UTqrnhfL11kcediHAzgCFy6hDLdQgRoQeIRneIU368l6sd6tj2lrzspmduGPrM8fm4aUsA==</latexit>

�+Q, +Q

<latexit sha1_base64="pbvRi2LQvzMAQewVSx/W2IsFHMk=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWwYWWREVdFt24bMFeoIllMp22QyfJMDMRaii+ihsXirj1Pdz5Nk7bLLT1h4GP/5zDOfMHgjOlHefbyi0sLi2v5FcLa+sbm1v29k5dxYkktEZiHstmgBXlLKI1zTSnTSEpDgNOG8HgZlxvPFCpWBzd6aGgfoh7EesygrWx2vaeJ/rsPj2pjo6RJ9QU23bRKTkToXlwMyhCpkrb/vI6MUlCGmnCsVIt1xHaT7HUjHA6KniJogKTAe7RlsEIh1T56eT6ETo0Tgd1Y2lepNHE/T2R4lCpYRiYzhDrvpqtjc3/aq1Ed6/8lEUi0TQi00XdhCMdo3EUqMMkJZoPDWAimbkVkT6WmGgTWMGE4M5+eR7qpyX3onRWPS+Wr7M48rAPB3AELlxCGW6hAjUg8AjP8Apv1pP1Yr1bH9PWnJXN7MIfWZ8/obSUtA==</latexit>

��Q, �Q

<latexit sha1_base64="WJrnTbCI6BFcK+Ymyeq5Ikx2cLw=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBi2XXinosevHYgv2Qdi3ZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hbqt56o0iyS92YcU1/ggWQhI9hY6aEbD9ljelaf9Iolt+zOgJaJl5ESZKj1il/dfkQSQaUhHGvd8dzY+ClWhhFOJ4VuommMyQgPaMdSiQXVfjo7eIJOrNJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/Xicx4bWfMhknhkoyXxQmHJkITb9HfaYoMXxsCSaK2VsRGWKFibEZFWwI3uLLy6R5XvYuy5X6Ral6k8WRhyM4hlPw4AqqcAc1aAABAc/wCm+Ocl6cd+dj3ppzsplD+APn8wef7JBN</latexit>

��Q

<latexit sha1_base64="IVX+iwJDmEPN2U5L2s/ovky/1QU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMquFfVY9OKxBfsh7VqyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0e3Ubz1RpVkk7804pr7AA8lCRrCx0kM3HrLH9Kw+6RVLbtmdAS0TLyMlyFDrFb+6/YgkgkpDONa647mx8VOsDCOcTgrdRNMYkxEe0I6lEguq/XR28ASdWKWPwkjZkgbN1N8TKRZaj0VgOwU2Q73oTcX/vE5iwms/ZTJODJVkvihMODIRmn6P+kxRYvjYEkwUs7ciMsQKE2MzKtgQvMWXl0nzvOxdliv1i1L1JosjD0dwDKfgwRVU4Q5q0AACAp7hFd4c5bw4787HvDXnZDOH8AfO5w+c4JBL</latexit>

�+Q<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�

<latexit sha1_base64="n3Ryj4HqlStNr2msmnp8TCXXATk=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWQVBKoqIui25ctmAv0MQymU7boZNkmJkINRRfxY0LRdz6Hu58G6dtFtr6w8DHf87hnPkDwZnSjvNt5RYWl5ZX8quFtfWNzS17e6eu4kQSWiMxj2UzwIpyFtGaZprTppAUhwGnjWBwM643HqhULI7u9FBQP8S9iHUZwdpYbXvPE312nx5XRyfIE2qKbbvolJyJ0Dy4GRQhU6Vtf3mdmCQhjTThWKmW6wjtp1hqRjgdFbxEUYHJAPdoy2CEQ6r8dHL9CB0ap4O6sTQv0mji/p5IcajUMAxMZ4h1X83WxuZ/tVaiu1d+yiKRaBqR6aJuwpGO0TgK1GGSEs2HBjCRzNyKSB9LTLQJrGBCcGe/PA/105J7UTqrnhfL11kcediHAzgCFy6hDLdQgRoQeIRneIU368l6sd6tj2lrzspmduGPrM8fm4aUsA==</latexit>

�+Q, +Q

<latexit sha1_base64="pbvRi2LQvzMAQewVSx/W2IsFHMk=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWwYWWREVdFt24bMFeoIllMp22QyfJMDMRaii+ihsXirj1Pdz5Nk7bLLT1h4GP/5zDOfMHgjOlHefbyi0sLi2v5FcLa+sbm1v29k5dxYkktEZiHstmgBXlLKI1zTSnTSEpDgNOG8HgZlxvPFCpWBzd6aGgfoh7EesygrWx2vaeJ/rsPj2pjo6RJ9QU23bRKTkToXlwMyhCpkrb/vI6MUlCGmnCsVIt1xHaT7HUjHA6KniJogKTAe7RlsEIh1T56eT6ETo0Tgd1Y2lepNHE/T2R4lCpYRiYzhDrvpqtjc3/aq1Ed6/8lEUi0TQi00XdhCMdo3EUqMMkJZoPDWAimbkVkT6WmGgTWMGE4M5+eR7qpyX3onRWPS+Wr7M48rAPB3AELlxCGW6hAjUg8AjP8Apv1pP1Yr1bH9PWnJXN7MIfWZ8/obSUtA==</latexit>

��Q, �Q

<latexit sha1_base64="mhvBR9862tq6Zgxtvmd+ylZMP6E=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbVqEeiF4+QyCOBDZkdGhiZnV1nZk3Ihi/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3n1BpHsl7M47RD+lA8j5n1Fip9tgtltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dHTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+ymXcWJQsvmifiKIicj0a9LjCpkRY0soU9zeStiQKsqMzaZgQ/AWX14mjbOyd1k+r12UKjdZHHk4gmM4BQ+uoAJ3UIU6MEB4hld4cx6cF+fd+Zi35pxs5hD+wPn8Ad45jP0=</latexit>q

<latexit sha1_base64="3ut1nKeUAO39/YbjLgKVOSNneuI=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0V9Vj04rGC/YB2Kdk028ZmkzXJCmXpf/DiQRGv/h9v/hvTdg/a+mDg8d4MM/PCRHBjPe8bLS2vrK6tFzaKm1vbO7ulvf2GUammrE6VULoVEsMEl6xuuRWslWhG4lCwZji8mfjNJ6YNV/LejhIWxKQvecQpsU5qdEKi8WO3VPYq3hR4kfg5KUOOWrf01ekpmsZMWiqIMW3fS2yQEW05FWxc7KSGJYQOSZ+1HZUkZibIpteO8bFTejhS2pW0eKr+nshIbMwoDl1nTOzAzHsT8T+vndroKsi4TFLLJJ0tilKBrcKT13GPa0atGDlCqObuVkwHRBNqXUBFF4I///IiaZxW/IvK2d15uXqdx1GAQziCE/DhEqpwCzWoA4UHeIZXeEMKvaB39DFrXUL5zAH8Afr8ASy8juA=</latexit>

q̄

<latexit sha1_base64="ypkuMI89CwR+Wjjb2iM9yTdhzMI=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJIkbKroh6LXjxWsB/Ybks2zbahSXZNsoVS+ju8eFDEqz/Gm//GtN2Dtj4YeLw3w8y8IOZMG9f9dpaWV1bX1jMb2c2t7Z3d3N5+VUeJIrRCIh6peoA15UzSimGG03qsKBYBp7WgfzvxawOqNIvkgxnG1Be4K1nICDZW8ptdLARuFU7RY6vQzuXdojsFWiReSvKQotzOfTU7EUkElYZwrHXDc2Pjj7AyjHA6zjYTTWNM+rhLG5ZKLKj2R9Ojx+jYKh0URsqWNGiq/p4YYaH1UAS2U2DT0/PeRPzPayQmvPZHTMaJoZLMFoUJRyZCkwRQhylKDB9agoli9lZEelhhYmxOWRuCN//yIqmeFb3L4vn9Rb50k8aRgUM4ghPw4ApKcAdlqACBJ3iGV3hzBs6L8+58zFqXnHTmAP7A+fwBOgiRGQ==</latexit>

�⇤, Z⇤

<latexit sha1_base64="n3Ryj4HqlStNr2msmnp8TCXXATk=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWQVBKoqIui25ctmAv0MQymU7boZNkmJkINRRfxY0LRdz6Hu58G6dtFtr6w8DHf87hnPkDwZnSjvNt5RYWl5ZX8quFtfWNzS17e6eu4kQSWiMxj2UzwIpyFtGaZprTppAUhwGnjWBwM643HqhULI7u9FBQP8S9iHUZwdpYbXvPE312nx5XRyfIE2qKbbvolJyJ0Dy4GRQhU6Vtf3mdmCQhjTThWKmW6wjtp1hqRjgdFbxEUYHJAPdoy2CEQ6r8dHL9CB0ap4O6sTQv0mji/p5IcajUMAxMZ4h1X83WxuZ/tVaiu1d+yiKRaBqR6aJuwpGO0TgK1GGSEs2HBjCRzNyKSB9LTLQJrGBCcGe/PA/105J7UTqrnhfL11kcediHAzgCFy6hDLdQgRoQeIRneIU368l6sd6tj2lrzspmduGPrM8fm4aUsA==</latexit>

�+Q, +Q

<latexit sha1_base64="pbvRi2LQvzMAQewVSx/W2IsFHMk=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWwYWWREVdFt24bMFeoIllMp22QyfJMDMRaii+ihsXirj1Pdz5Nk7bLLT1h4GP/5zDOfMHgjOlHefbyi0sLi2v5FcLa+sbm1v29k5dxYkktEZiHstmgBXlLKI1zTSnTSEpDgNOG8HgZlxvPFCpWBzd6aGgfoh7EesygrWx2vaeJ/rsPj2pjo6RJ9QU23bRKTkToXlwMyhCpkrb/vI6MUlCGmnCsVIt1xHaT7HUjHA6KniJogKTAe7RlsEIh1T56eT6ETo0Tgd1Y2lepNHE/T2R4lCpYRiYzhDrvpqtjc3/aq1Ed6/8lEUi0TQi00XdhCMdo3EUqMMkJZoPDWAimbkVkT6WmGgTWMGE4M5+eR7qpyX3onRWPS+Wr7M48rAPB3AELlxCGW6hAjUg8AjP8Apv1pP1Yr1bH9PWnJXN7MIfWZ8/obSUtA==</latexit>

��Q, �Q

<latexit sha1_base64="WJrnTbCI6BFcK+Ymyeq5Ikx2cLw=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBi2XXinosevHYgv2Qdi3ZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hbqt56o0iyS92YcU1/ggWQhI9hY6aEbD9ljelaf9Iolt+zOgJaJl5ESZKj1il/dfkQSQaUhHGvd8dzY+ClWhhFOJ4VuommMyQgPaMdSiQXVfjo7eIJOrNJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/Xicx4bWfMhknhkoyXxQmHJkITb9HfaYoMXxsCSaK2VsRGWKFibEZFWwI3uLLy6R5XvYuy5X6Ral6k8WRhyM4hlPw4AqqcAc1aAABAc/wCm+Ocl6cd+dj3ppzsplD+APn8wef7JBN</latexit>

��Q

<latexit sha1_base64="IVX+iwJDmEPN2U5L2s/ovky/1QU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMquFfVY9OKxBfsh7VqyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0e3Ubz1RpVkk7804pr7AA8lCRrCx0kM3HrLH9Kw+6RVLbtmdAS0TLyMlyFDrFb+6/YgkgkpDONa647mx8VOsDCOcTgrdRNMYkxEe0I6lEguq/XR28ASdWKWPwkjZkgbN1N8TKRZaj0VgOwU2Q73oTcX/vE5iwms/ZTJODJVkvihMODIRmn6P+kxRYvjYEkwUs7ciMsQKE2MzKtgQvMWXl0nzvOxdliv1i1L1JosjD0dwDKfgwRVU4Q5q0AACAp7hFd4c5bw4787HvDXnZDOH8AfO5w+c4JBL</latexit>

�+Q<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�
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Experimental searches 
so far interpret results 
for DY processes.

In color singlet case, 
the impact is also big. 

For larger charges 
contribution from 
photon and photon-
gluon fusion becomes 
as relevant as pure QCD 
production.

Decomposition of pair-production cross-section for color-
triplet fermion with 1TeV mass (tree level, MG5)

For low charges DY and 
gluon fusion processes 
are dominant.

R. Masełek    Planck 2022    02-06-2022

Production processes involving photons do matter

[1609.08382;1305.0491;1504.04188]

The choice of PDF is 
crucial!  
(We use LUXqed17)

[C. Arbelaez et al.,2003.11494]
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Bound states
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Bound states
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Strong and EM interactions allow to produce 
a bound state B made of new particles

B with J=0, 2 can decay to 𝛾𝛾, 𝛾Z, ZZ, (gg)

B with J=1 can decay to W+ W- or ff ̄

The di-photon searches are most sensitive, 
hence we consider only them

B can be colour singlet or octet, but octet 
production is subdominant and it cannot 
decay to di-photon

We consider only colour singlet J=0, 
because J=1 cannot decay to 2𝛾; contribution 
of J=2 is subdominant.
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Bound state. Cross-section calculation.

V( ⃗r) = −
Cαs(r−1) + Q2α

r
Schroedinger equation

hydrogen atom-like solutions

non-vanishing only  
for s-wave (l=m=0)

Ψnlm( ⃗r)

P ∝ |Ψnlm(0) |2
narrow width  
approximation

σpp→ℬ→γγ = σpp→ℬ ⋅ BRℬ→γγ

non-relativistic  
approximation



Malbork Castle, Poland

methodology
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theoretical 
cross-section
pp → ℬ → γγ

experimental 
limits from 
resonance di-
photon search 
[ATLAS 2102.13405] 

search range ends at MB = 2.8 TeV

extrapolation  
to larger masses

Recasting closed channel searches
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Recasting open channel searches
σeff = (ϵonline ⋅ ϵoffline) ⋅ σBSM

|η | < 2.1

pTRUE
T ≥ 50 ⋅ |Q |GeV

tTOF −
xtrigger

c
< {50 ns ( |η | < 1.6)

25 ns (1.6 ≤ |η | < 2.1)

r r

Q = 1e, pT = 50GeV

Q = − 8e, pT = 400GeV

pMEAS
T =

pTRUE
T

|Q |

[V. Veeraraghavan, PhD Thesis]
[CMS, 1305.0491 & 1609.08382]
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Recasting open channel searches

[V. Veeraraghavan, PhD Thesis]

pTRUE
T ≥ 65 ⋅ |Q/e |GeV

1/βMS > 1.25

σeff = (ϵonline ⋅ ϵoffline) ⋅ σBSM

[CMS, 1305.0491 & 1609.08382]
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theoretical  
effective 

cross-section

experimental 
limits

(scaled)

Recasting open channel searchesRecasting open channel searches

[V. Veeraraghavan, PhD Thesis]
[CMS, 1305.0491 & 1609.08382]

L = 2.5/fb

L = 300/fb

L = 3/ab
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MoEDAL is mostly passive detector designed to look 
for magnetic monopoles

It is located in LHCb cavern, 2m away from IP8

For Run-3 luminosity is 30/fb, for HL-LHC it’s going 
to be 300/fb

MoEDAL is sensitive only to highly-ionising long-lived 
particles with velocities 

For our studies, we treat decay length of our 
particles as a free parameter

We calculate expected number of signal events

Since MoEDAL is background free experiment, 
detecting 3 events naively corresponds  
to 95%-CL

To compare with ATLAS/CMS we take 
mass bound in the limit of stable particle

β ≤ 0.15 ⋅ |Q |

MoEDAL experiment
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MoEDAL experiment

—  Q = 1e 
--   Q = 8e

MoEDAL is mostly passive detector designed to 
look for magnetic monopoles

It is located in LHCb cavern, 2m away from IP8

For Run-3 luminosity is 30/fb, for HL-LHC it’s 
going to be 300/fb

MoEDAL is sensitive only to highly-ionising long-
lived particles with velocities 

For our studies, we treat decay length of our 
particles as a free parameter

We calculate expected number of signal events

Since MoEDAL is background free experiment, 
detecting few events may mark a discovery

To compare with ATLAS/CMS we take 
mass bound in the limit of stable particle

β ≤ 0.15 ⋅ |Q |
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results
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colourless scalars

1 2 3 4 5 6 7 8

Q [e]

500

1000

1500

2000

m
[G

eV
]

colourless scalar
Large dE/dx (13 TeV, 300fb°1)

∞∞ resonance (13 TeV, 300fb°1)

MoEDAL Nsig = 3 (13 TeV, 30fb°1)

MoEDAL Nsig = 2 (13 TeV, 30fb°1)

MoEDAL Nsig = 1 (13 TeV, 30fb°1)

current bound
(𝛾𝛾 and 𝛾g included)   
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1 2 3 4 5 6 7 8

Q [e]

500

1000

1500

2000

m
[G

eV
]

colourless scalar
Large dE/dx (13 TeV, 300fb°1)

∞∞ resonance (13 TeV, 300fb°1)

MoEDAL Nsig = 3 (13 TeV, 30fb°1)

MoEDAL Nsig = 2 (13 TeV, 30fb°1)

MoEDAL Nsig = 1 (13 TeV, 30fb°1)

colourless scalars — open channel search

changes  
moderately
with charge
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1 2 3 4 5 6 7 8

Q [e]

500

1000

1500

2000

m
[G

eV
]

colourless scalar
Large dE/dx (13 TeV, 300fb°1)

∞∞ resonance (13 TeV, 300fb°1)

MoEDAL Nsig = 3 (13 TeV, 30fb°1)

MoEDAL Nsig = 2 (13 TeV, 30fb°1)

MoEDAL Nsig = 1 (13 TeV, 30fb°1)

colourless scalars — closed channel search

changes  
rapidly

with charge

not sensitive  
to low charge
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1 2 3 4 5 6 7 8

Q [e]

500

1000

1500

2000

m
[G

eV
]

colourless scalar
Large dE/dx (13 TeV, 300fb°1)

∞∞ resonance (13 TeV, 300fb°1)

MoEDAL Nsig = 3 (13 TeV, 30fb°1)

MoEDAL Nsig = 2 (13 TeV, 30fb°1)

MoEDAL Nsig = 1 (13 TeV, 30fb°1)

colourless scalars — open channel in MoEDAL

intermediate 
sensitivity

always 
increases 

with charge
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colourless scalars
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colourless scalar
Large dE/dx (13 TeV, 300fb°1)

∞∞ resonance (13 TeV, 300fb°1)

MoEDAL Nsig = 3 (13 TeV, 30fb°1)

MoEDAL Nsig = 2 (13 TeV, 30fb°1)

MoEDAL Nsig = 1 (13 TeV, 30fb°1)
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colourless scalar
Large dE/dx (13 TeV, 3000fb°1)

∞∞ resonance (13 TeV, 3000fb°1)

MoEDAL Nsig = 3 (13 TeV, 300fb°1)

MoEDAL Nsig = 2 (13 TeV, 300fb°1)

MoEDAL Nsig = 1 (13 TeV, 300fb°1)

Run 3 HL-LHC
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colourless fermions
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colourless fermion
Large dE/dx (13 TeV, 300fb°1)

∞∞ resonance (13 TeV, 300fb°1)

MoEDAL Nsig = 3 (13 TeV, 30fb°1)

MoEDAL Nsig = 2 (13 TeV, 30fb°1)

MoEDAL Nsig = 1 (13 TeV, 30fb°1)

1 2 3 4 5 6 7 8

Q [e]

500

1000

1500

2000

2500

3000

m
[G

eV
]

colourless fermion
Large dE/dx (13 TeV, 3000fb°1)

∞∞ resonance (13 TeV, 3000fb°1)

MoEDAL Nsig = 3 (13 TeV, 300fb°1)

MoEDAL Nsig = 2 (13 TeV, 300fb°1)

MoEDAL Nsig = 1 (13 TeV, 300fb°1)

Run 3 HL-LHC
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coloured scalars

Run 3 HL-LHC

1 2 3 4 5 6 7 8

Q [e]

1000

1500

2000

2500

m
[G

eV
]

coloured scalar
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∞∞ resonance (13 TeV, 300fb°1)

MoEDAL Nsig = 3 (13 TeV, 30fb°1)

MoEDAL Nsig = 2 (13 TeV, 30fb°1)

MoEDAL Nsig = 1 (13 TeV, 30fb°1)
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coloured scalar
Large dE/dx (13 TeV, 3000fb°1)

∞∞ resonance (13 TeV, 3000fb°1)

MoEDAL Nsig = 3 (13 TeV, 300fb°1)

MoEDAL Nsig = 2 (13 TeV, 300fb°1)

MoEDAL Nsig = 1 (13 TeV, 300fb°1)
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coloured fermions

Run 3 HL-LHC
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MoEDAL Nsig = 2 (13 TeV, 300fb°1)

MoEDAL Nsig = 1 (13 TeV, 300fb°1)
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Multiply charged heavy long-lived particles can be detected at LHC through open and 
closed channel searches.

Including 𝛾𝛾 and 𝛾g fusion with appropriate PDF is crucial for accurate cross-section 
estimation.

For charges  ATLAS/CMS open channel searches are more sensitive.

For larger charges di-photon resonance search becomes more sensitive.

MoEDAL experiment provides independent measurement method.

It gives intermediate sensitivity for all charges for L=300/fb

For HL-LHC MoEDAL becomes more senstive than ATLAS & CMS  
for , because it is a background free experiment.

Combining multiple searches might lead to stronger mass bounds.

1e ≤ |Q | ≤ 5e

3e ≤ |Q | ≤ 6e

Conclusion
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One more thing…
3.3σ excess observed by ATLAS

[2205.06013]  

1.5σ excess observed by ATLAS
for Q=2 (preliminary)
[Y. Smirnov, LLP11]  



Thank you for attention!  
r.maselek@uw.edu.pl

Dolina Chochołowska, Poland  
photo by Piotr Kałuża
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Run 2 
(recasted)

[CMS 2.5/fb, 1609.08382]
[ATLAS 139/fb, 2102.13405]
[ATLAS 36.1/fb, 1812.03673]
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L = 2.5/fbL = 2.5/fb

L = 300/fb

L = 3/ab
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(Q = ±1e)
L = 30 fb°1

Nsig ∏ 1
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Nsig ∏ 3

MoEDAL experiment
Nsig(m, τ) = σ(m) ⋅ L ⋅ ⟨∑

i

Θ (βth − βi) P( ⃗β i, τ)⟩
MC

mass bound  
we take

coloured fermions  
Q=1e, L=30/fb
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Open channel calculations
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Hadronisation model
we set k=0.5 in this 

presentation
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[S.Jaegeret al; 
1812:03182]

1
β0
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MoEDAL experiment
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MoEDAL experiment

radiation

stopping 
particle

signal  
particle
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MoEDAL experiment

radiation

stopping 
particle

signal  
particle
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MoEDAL experiment
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MoEDAL experiment
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MoEDAL experiment
signal



Signal estimation
 Because no background, the signal thresholds considered are low:

 ,  ,   
 The signal is estimated by 

  is the production cross-section for pair of particles of mass m
  is particle’s three-velocity,  is its threshold value
 summation over i includes two particles created in an event

  is the probability to reach the detector, where 

 is 1 if particle’s track crosses with and NTD panel, and 0 otherwise.

N ≥ 1 N ≥ 2 N ≥ 3

Nsig(m, τ) = σ(m) ⋅ L ⋅ ⟨∑
i

Θ (βth − βi) P( ⃗β i, τ)⟩
MC

σ(m)
⃗β i βth

P( ⃗β i, τ) = ϵ( ⃗β ) ⋅ exp (−
LNTD( ⃗β )

γβcτ )
ϵ( ⃗β )



R. Masełek    Planck 2022    02-06-2022

Bound state calculations



σpp→ℬ→γγ = σpp→ℬ ⋅ BRℬ→γγBRℬ→γγ =
Γℬ→γγ

Γℬ→γγ + Γℬ→Zγ + Γℬ→ZZ + Γℬ→gg

BRℬ→γZ = Γℬ→γγ ⋅ tan2 θW (1 −
m2

Z

M2
ℬ ), BRℬ→ZZ = Γℬ→γγ ⋅ tan4 θW 1 −

4m2
Z

M2
ℬ

|Ψn(0) |2 =
(Cαs + Q2α)3m3

8πn3

V( ⃗r) = −
Cαs + Q2α

r

Ψn(0) =
1

π
(nrb)−3/2, r−1

b = (Cαs + Q2α)μ

Γℬ→γγ =
2πQ4α2

m2
ncnf |Ψ(0) |2 , Γℬ→gg =

πCα2
s

m2
nf |Ψ(0) |2

̂σab→ℬ( ̂s) = cab ⋅
2π(2Jℬ + 1)Dℬ

DaDb
⋅

Γℬ→ab

Mℬ
⋅ 2πδ( ̂s − M2

ℬ)

σpp→ℬ =
γγ,gg

∑
ab

∫
1

0
dτ

dℒab(τ)
dτ

̂σab→ℬ(sτ)

C =
C1 + C2 − Cℬ

2
C = {4/3 SU(3) triplet

4/3 SU(3) singlet


