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Model Introduction
 Consider a New Physics model if there is a Global U(1) symmetry:  

                                                          ( called Axion-like particle, ALP ) 

ALP also arise in String theory when you do “compactification” of extra 
dimensions.  

In a word, ALP is a very common prediction in BSM building.  

Global U(1)
break it
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Model Introduction
 To be more specific, the effective Lagrangian is like:  

             

(In this work we focus on the Electroweak sector, so we ignore coupling with gluons) 
The above is the effective Lagrangian before EW breaking. After EW 
breaking we will obtain 4 couplings:  

               

               

               

               

For simplicity, we choose . So, there are 2 free parameters in 
this model:   and  .
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Current search status
We haven’t seen ALP, so we have lots of exclusion limits: 
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Emm…. can we do 
something 

in this blank region? 



Light & highly 
boosted ALP — 

it looks like a single 
photon!

Heavy ALP — 
2 photons from ALP 
are well separated

What difficulty we need to overcome at collider search?



Light & highly 
boosted ALP — 

it looks like a single 
photon!

Heavy ALP — 
2 photons from ALP 
are well separated

What difficulty we need to overcome at collider search?

In the meddle region, if 
you want to make some 

progress, you need 
some new method.  



Photon jet & its tagging 

In the meddle region (  ). 2 photons from ALP 
decay are not so collimated. We can call it “photon jet”, a jet composed 
by photons.  

    (pioneer work see “S. D. Ellis, T. S. Roy, and J. Scholtz, Phys. Rev. D 87, 014015 (2013) ”) 

Now the problem become: how to tag the “photon jet” at collider?  

One question: How to describe a jet ?   

Emm….  ,  ,  . Right ?   

Describing a jet by these 3 variables, you lose lots information of a jet.  
There is a rich “sub-structure” of a jet. 

0.1 GeV ≲ ma ≲ 10 GeV

pT ϕ η



Photon jet & its tagging 
Jet sub-structure has been largely used in collider study.  

Most popular examples: 

      1)   Boosted H/W/Z/Top tagging (mass drop algorithm) 

      2)   quark jet & gluon jet discrimination 

Photon jet tagging is more like example 2), because ALP is too light to 
use mass drop algorithm.  

Just like quark jet & gluon jet discrimination, we need to design some 
variables to “describe” a jet in more detail.  



Photon jet & its tagging 

Jet sub-structure variable example:   

 is called “hadronic energy fraction”, and defined by:  

                       

For QCD jet, . Because only  can reach hadron Cal.  

But for photon or photon jet, generally speaking .  

So the log value of , , is a good variable to distinguish photon/
photon jet from QCD jet. 

log θJ

θJ

θJ =
(Energy measured by hadron Cal)

(Total energy of a jet)

θJ ≈ 2/3 π±

θJ ≪ 1

θJ log θJ



Photon jet & its tagging 

The performance of  :  

(To understand the result, don’t forget the contamination at LHC. )

log θJ



Photon jet & its tagging 
We use 8 variables in total:  
                  {log θJ, NT, log τ1, τ2/τ1, τ3/τ1, τ3/τ2, λj, ϵJ}
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QCD jet
<latexit sha1_base64="uDesxpCwX2WNc0IzDx80Vz6aZog=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4CjNR0GMwHjwmYBZIxtDTqUna9Cx016hhyH948aCIV//Fm39jZzlo4oOCx3tVVNXzYik02va3lVlZXVvfyG7mtrZ3dvfy+wcNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9IaVid98AKVFFN7iKAY3YP1Q+IIzNNJdB+EJ01rlmt4Djrv5gl20p6DLxJmTApmj2s1/dXoRTwIIkUumdduxY3RTplBwCeNcJ9EQMz5kfWgbGrIAtJtOrx7TE6P0qB8pUyHSqfp7ImWB1qPAM50Bw4Fe9Cbif147Qf/STUUYJwghny3yE0kxopMIaE8o4ChHhjCuhLmV8gFTjKMJKmdCcBZfXiaNUtE5K5Zq54Xy1TyOLDkix+SUOOSClMkNqZI64USRZ/JK3qxH68V6tz5mrRlrPnNI/sD6/AFI5ZJe</latexit>

photon jet(ma = 3GeV)
<latexit sha1_base64="vo53l0y/UeCIHUZn9XxuzxpAssQ=">AAACBnicbVA9SwNBEN3zM8avqKUIi4mgTbgzgjZC0ELLCCYKSQh7m4lZ3ds9dufEcKSy8a/YWChi62+w89+4iSnU+GDg8d4MM/PCWAqLvv/pTUxOTc/MZuay8wuLS8u5ldWa1YnhUOVaanMZMgtSKKiiQAmXsQEWhRIuwpvjgX9xC8YKrc6xF0MzYldKdARn6KRWbqOBcIdp3NWoFb0G3C5ELXZYKpxAbaffyuX9oj8EHSfBiOTJCJVW7qPR1jyJQCGXzNp64MfYTJlBwSX0s43EQsz4DbuCuqOKRWCb6fCNPt1ySpt2tHGlkA7VnxMpi6ztRaHrjBh27V9vIP7n1RPsHDRToeIEQfHvRZ1EUtR0kAltCwMcZc8Rxo1wt1LeZYZxdMllXQjB35fHSW23GJSKu2d7+fLRKI4MWSebZJsEZJ+UySmpkCrh5J48kmfy4j14T96r9/bdOuGNZtbIL3jvX/BrmB0=</latexit>

photon jet(ma = 5GeV)
<latexit sha1_base64="lW+RTBn5mzI/kkpTO96/SL1M3ks=">AAACBnicbVDLSgNBEJz1bXxFPYowmAh6Cbs+0IsgetCjgkmEJITZSceMmZ1ZZnrFsOTkxV/x4kERr36DN//GyeOgxoKGoqqb7q4wlsKi7395Y+MTk1PTM7OZufmFxaXs8krJ6sRwKHIttbkOmQUpFBRRoITr2ACLQgnlsH3a88t3YKzQ6go7MdQidqNEU3CGTqpn16sI95jGLY1a0VvArXxUZ0f7+TMobXfr2Zxf8PugoyQYkhwZ4qKe/aw2NE8iUMgls7YS+DHWUmZQcAndTDWxEDPeZjdQcVSxCGwt7b/RpZtOadCmNq4U0r76cyJlkbWdKHSdEcOW/ev1xP+8SoLNw1oqVJwgKD5Y1EwkRU17mdCGMMBRdhxh3Ah3K+UtZhhHl1zGhRD8fXmUlHYKwW5h53Ivd3wyjGOGrJENskUCckCOyTm5IEXCyQN5Ii/k1Xv0nr03733QOuYNZ1bJL3gf3/N/mB8=</latexit>

photon jet(ma = 0.3GeV)
<latexit sha1_base64="VxY2wPzxrpoNEGre0OoegH2G01c=">AAACCHicbVA9SwNBEN3z2/gVtbRwMRFiE+5U0EYIWmgZwUQhCWFvM0lW93aP3TkxHClt/Cs2ForY+hPs/DduYgo1Phh4vDfDzLwwlsKi7396E5NT0zOzc/OZhcWl5ZXs6lrV6sRwqHAttbkKmQUpFFRQoISr2ACLQgmX4c3JwL+8BWOFVhfYi6ERsY4SbcEZOqmZ3awj3GEadzVqRa8BC/moyY784l7+FKo7/WY25xf9Ieg4CUYkR0YoN7Mf9ZbmSQQKuWTW1gI/xkbKDAouoZ+pJxZixm9YB2qOKhaBbaTDR/p02ykt2tbGlUI6VH9OpCyytheFrjNi2LV/vYH4n1dLsH3YSIWKEwTFvxe1E0lR00EqtCUMcJQ9Rxg3wt1KeZcZxtFll3EhBH9fHifV3WKwV9w938+VjkdxzJENskUKJCAHpETOSJlUCCf35JE8kxfvwXvyXr2379YJbzSzTn7Be/8C3MaYjw==</latexit>

log ⌧1
<latexit sha1_base64="W62enIx0Q0J1UYl7QVZRge/9fGs=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy2m3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCanhUijeRIGSd1LNaRxK3g5HtzO//cS1EYl6wHHKg5gOlIgEo2ilR18mAx9p1vN65Ypbdecgq8TLSQVyNHrlL7+fsCzmCpmkxnQ9N8VgQjUKJvm05GeGp5SN6IB3LVU05iaYzC+ekjOr9EmUaFsKyVz9PTGhsTHjOLSdMcWhWfZm4n9eN8PoOpgIlWbIFVssijJJMCGz90lfaM5Qji2hTAt7K2FDqilDG1LJhuAtv7xKWrWqd1Gt3V9W6jd5HEU4gVM4Bw+uoA530IAmMFDwDK/w5hjnxXl3PhatBSefOYY/cD5/AF3DkLY=</latexit>
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<latexit sha1_base64="WouEx7o20xereSqq7Vqqrtv4orM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JUQY9FLx4r2A9oQ9lsN+3SzSbsTqQh5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5fiy4Bsf5tkobm1vbO+Xdyt7+weGRfVzt6ChRlLVpJCLV84lmgkvWBg6C9WLFSOgL1vWnd3O/+8SU5pF8hDRmXkjGkgecEjDS0K4OgM0ga6nIJz4XHNJ8aNecurMAXiduQWqoQGtofw1GEU1CJoEKonXfdWLwMqKAU8HyyiDRLCZ0Ssasb6gkIdNetrg9x+dGGeEgUqYk4IX6eyIjodZp6JvOkMBEr3pz8T+vn0Bw42VcxgkwSZeLgkRgiPA8CDziilEQqSGEKm5uxXRCFKFg4qqYENzVl9dJp1F3L+uNh6ta87aIo4xO0Rm6QC66Rk10j1qojSiaoWf0it6s3Hqx3q2PZWvJKmZO0B9Ynz/jzZT9</latexit>

single photon
<latexit sha1_base64="4n9e6+yS42n51nAlFBgJKn7neM4=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hZko6DHoxWMEs0ASQk+nkjTp6R66a8Q4BH/FiwdFvPof3vwbO8tBEx8UPN6roqpeGEth0fe/vaXlldW19cxGdnNre2c3t7dftToxHCpcS23qIbMghYIKCpRQjw2wKJRQCwfXY792D8YKre5wGEMrYj0luoIzdFI7d9hEeMDUCtWTQOO+Rq1G7VzeL/gT0EUSzEiezFBu576aHc2TCBRyyaxtBH6MrZQZFFzCKNtMLMSMD1gPGo4qFoFtpZPrR/TEKR3a1caVQjpRf0+kLLJ2GIWuM2LYt/PeWPzPayTYvWylQsUJguLTRd1EUtR0HAXtCAMc5dARxo1wt1LeZ4ZxdIFlXQjB/MuLpFosBGeF4u15vnQ1iyNDjsgxOSUBuSAlckPKpEI4eSTP5JW8eU/ei/fufUxbl7zZzAH5A+/zB1YPlco=</latexit>

QCD jet
<latexit sha1_base64="uDesxpCwX2WNc0IzDx80Vz6aZog=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4CjNR0GMwHjwmYBZIxtDTqUna9Cx016hhyH948aCIV//Fm39jZzlo4oOCx3tVVNXzYik02va3lVlZXVvfyG7mtrZ3dvfy+wcNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9IaVid98AKVFFN7iKAY3YP1Q+IIzNNJdB+EJ01rlmt4Djrv5gl20p6DLxJmTApmj2s1/dXoRTwIIkUumdduxY3RTplBwCeNcJ9EQMz5kfWgbGrIAtJtOrx7TE6P0qB8pUyHSqfp7ImWB1qPAM50Bw4Fe9Cbif147Qf/STUUYJwghny3yE0kxopMIaE8o4ChHhjCuhLmV8gFTjKMJKmdCcBZfXiaNUtE5K5Zq54Xy1TyOLDkix+SUOOSClMkNqZI64USRZ/JK3qxH68V6tz5mrRlrPnNI/sD6/AFI5ZJe</latexit>

photon jet(ma = 3GeV)
<latexit sha1_base64="vo53l0y/UeCIHUZn9XxuzxpAssQ=">AAACBnicbVA9SwNBEN3zM8avqKUIi4mgTbgzgjZC0ELLCCYKSQh7m4lZ3ds9dufEcKSy8a/YWChi62+w89+4iSnU+GDg8d4MM/PCWAqLvv/pTUxOTc/MZuay8wuLS8u5ldWa1YnhUOVaanMZMgtSKKiiQAmXsQEWhRIuwpvjgX9xC8YKrc6xF0MzYldKdARn6KRWbqOBcIdp3NWoFb0G3C5ELXZYKpxAbaffyuX9oj8EHSfBiOTJCJVW7qPR1jyJQCGXzNp64MfYTJlBwSX0s43EQsz4DbuCuqOKRWCb6fCNPt1ySpt2tHGlkA7VnxMpi6ztRaHrjBh27V9vIP7n1RPsHDRToeIEQfHvRZ1EUtR0kAltCwMcZc8Rxo1wt1LeZYZxdMllXQjB35fHSW23GJSKu2d7+fLRKI4MWSebZJsEZJ+UySmpkCrh5J48kmfy4j14T96r9/bdOuGNZtbIL3jvX/BrmB0=</latexit>

photon jet(ma = 5GeV)
<latexit sha1_base64="lW+RTBn5mzI/kkpTO96/SL1M3ks=">AAACBnicbVDLSgNBEJz1bXxFPYowmAh6Cbs+0IsgetCjgkmEJITZSceMmZ1ZZnrFsOTkxV/x4kERr36DN//GyeOgxoKGoqqb7q4wlsKi7395Y+MTk1PTM7OZufmFxaXs8krJ6sRwKHIttbkOmQUpFBRRoITr2ACLQgnlsH3a88t3YKzQ6go7MdQidqNEU3CGTqpn16sI95jGLY1a0VvArXxUZ0f7+TMobXfr2Zxf8PugoyQYkhwZ4qKe/aw2NE8iUMgls7YS+DHWUmZQcAndTDWxEDPeZjdQcVSxCGwt7b/RpZtOadCmNq4U0r76cyJlkbWdKHSdEcOW/ev1xP+8SoLNw1oqVJwgKD5Y1EwkRU17mdCGMMBRdhxh3Ah3K+UtZhhHl1zGhRD8fXmUlHYKwW5h53Ivd3wyjGOGrJENskUCckCOyTm5IEXCyQN5Ii/k1Xv0nr03733QOuYNZ1bJL3gf3/N/mB8=</latexit>

photon jet(ma = 0.3GeV)
<latexit sha1_base64="VxY2wPzxrpoNEGre0OoegH2G01c=">AAACCHicbVA9SwNBEN3z2/gVtbRwMRFiE+5U0EYIWmgZwUQhCWFvM0lW93aP3TkxHClt/Cs2ForY+hPs/DduYgo1Phh4vDfDzLwwlsKi7396E5NT0zOzc/OZhcWl5ZXs6lrV6sRwqHAttbkKmQUpFFRQoISr2ACLQgmX4c3JwL+8BWOFVhfYi6ERsY4SbcEZOqmZ3awj3GEadzVqRa8BC/moyY784l7+FKo7/WY25xf9Ieg4CUYkR0YoN7Mf9ZbmSQQKuWTW1gI/xkbKDAouoZ+pJxZixm9YB2qOKhaBbaTDR/p02ykt2tbGlUI6VH9OpCyytheFrjNi2LV/vYH4n1dLsH3YSIWKEwTFvxe1E0lR00EqtCUMcJQ9Rxg3wt1KeZcZxtFll3EhBH9fHifV3WKwV9w938+VjkdxzJENskUKJCAHpETOSJlUCCf35JE8kxfvwXvyXr2379YJbzSzTn7Be/8C3MaYjw==</latexit>

log ✓J
<latexit sha1_base64="xURUbfoVCGDHz4b+t4KCJK59ASE=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF/FUwX5AE8pmO2mXbjZhdyKU0r/hxYMiXv0z3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjlkkyzaHJE5noTsgMSKGgiQIldFINLA4ltMPR7cxvP4E2IlGPOE4hiNlAiUhwhlbyfZkMfBwCst59r1xxq+4cdJV4OamQHI1e+cvvJzyLQSGXzJiu56YYTJhGwSVMS35mIGV8xAbQtVSxGEwwmd88pWdW6dMo0bYU0rn6e2LCYmPGcWg7Y4ZDs+zNxP+8bobRdTARKs0QFF8sijJJMaGzAGhfaOAox5YwroW9lfIh04yjjalkQ/CWX14lrVrVu6jWHi4r9Zs8jiI5IafknHjkitTJHWmQJuEkJc/klbw5mfPivDsfi9aCk88ckz9wPn8AC2yRrw==</latexit>
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<latexit sha1_base64="WouEx7o20xereSqq7Vqqrtv4orM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JUQY9FLx4r2A9oQ9lsN+3SzSbsTqQh5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5fiy4Bsf5tkobm1vbO+Xdyt7+weGRfVzt6ChRlLVpJCLV84lmgkvWBg6C9WLFSOgL1vWnd3O/+8SU5pF8hDRmXkjGkgecEjDS0K4OgM0ga6nIJz4XHNJ8aNecurMAXiduQWqoQGtofw1GEU1CJoEKonXfdWLwMqKAU8HyyiDRLCZ0Ssasb6gkIdNetrg9x+dGGeEgUqYk4IX6eyIjodZp6JvOkMBEr3pz8T+vn0Bw42VcxgkwSZeLgkRgiPA8CDziilEQqSGEKm5uxXRCFKFg4qqYENzVl9dJp1F3L+uNh6ta87aIo4xO0Rm6QC66Rk10j1qojSiaoWf0it6s3Hqx3q2PZWvJKmZO0B9Ynz/jzZT9</latexit>

single photon
<latexit sha1_base64="4n9e6+yS42n51nAlFBgJKn7neM4=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hZko6DHoxWMEs0ASQk+nkjTp6R66a8Q4BH/FiwdFvPof3vwbO8tBEx8UPN6roqpeGEth0fe/vaXlldW19cxGdnNre2c3t7dftToxHCpcS23qIbMghYIKCpRQjw2wKJRQCwfXY792D8YKre5wGEMrYj0luoIzdFI7d9hEeMDUCtWTQOO+Rq1G7VzeL/gT0EUSzEiezFBu576aHc2TCBRyyaxtBH6MrZQZFFzCKNtMLMSMD1gPGo4qFoFtpZPrR/TEKR3a1caVQjpRf0+kLLJ2GIWuM2LYt/PeWPzPayTYvWylQsUJguLTRd1EUtR0HAXtCAMc5dARxo1wt1LeZ4ZxdIFlXQjB/MuLpFosBGeF4u15vnQ1iyNDjsgxOSUBuSAlckPKpEI4eSTP5JW8eU/ei/fufUxbl7zZzAH5A+/zB1YPlco=</latexit>

QCD jet
<latexit sha1_base64="uDesxpCwX2WNc0IzDx80Vz6aZog=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4CjNR0GMwHjwmYBZIxtDTqUna9Cx016hhyH948aCIV//Fm39jZzlo4oOCx3tVVNXzYik02va3lVlZXVvfyG7mtrZ3dvfy+wcNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9IaVid98AKVFFN7iKAY3YP1Q+IIzNNJdB+EJ01rlmt4Djrv5gl20p6DLxJmTApmj2s1/dXoRTwIIkUumdduxY3RTplBwCeNcJ9EQMz5kfWgbGrIAtJtOrx7TE6P0qB8pUyHSqfp7ImWB1qPAM50Bw4Fe9Cbif147Qf/STUUYJwghny3yE0kxopMIaE8o4ChHhjCuhLmV8gFTjKMJKmdCcBZfXiaNUtE5K5Zq54Xy1TyOLDkix+SUOOSClMkNqZI64USRZ/JK3qxH68V6tz5mrRlrPnNI/sD6/AFI5ZJe</latexit>

photon jet(ma = 3GeV)
<latexit sha1_base64="vo53l0y/UeCIHUZn9XxuzxpAssQ=">AAACBnicbVA9SwNBEN3zM8avqKUIi4mgTbgzgjZC0ELLCCYKSQh7m4lZ3ds9dufEcKSy8a/YWChi62+w89+4iSnU+GDg8d4MM/PCWAqLvv/pTUxOTc/MZuay8wuLS8u5ldWa1YnhUOVaanMZMgtSKKiiQAmXsQEWhRIuwpvjgX9xC8YKrc6xF0MzYldKdARn6KRWbqOBcIdp3NWoFb0G3C5ELXZYKpxAbaffyuX9oj8EHSfBiOTJCJVW7qPR1jyJQCGXzNp64MfYTJlBwSX0s43EQsz4DbuCuqOKRWCb6fCNPt1ySpt2tHGlkA7VnxMpi6ztRaHrjBh27V9vIP7n1RPsHDRToeIEQfHvRZ1EUtR0kAltCwMcZc8Rxo1wt1LeZYZxdMllXQjB35fHSW23GJSKu2d7+fLRKI4MWSebZJsEZJ+UySmpkCrh5J48kmfy4j14T96r9/bdOuGNZtbIL3jvX/BrmB0=</latexit>

photon jet(ma = 5GeV)
<latexit sha1_base64="lW+RTBn5mzI/kkpTO96/SL1M3ks=">AAACBnicbVDLSgNBEJz1bXxFPYowmAh6Cbs+0IsgetCjgkmEJITZSceMmZ1ZZnrFsOTkxV/x4kERr36DN//GyeOgxoKGoqqb7q4wlsKi7395Y+MTk1PTM7OZufmFxaXs8krJ6sRwKHIttbkOmQUpFBRRoITr2ACLQgnlsH3a88t3YKzQ6go7MdQidqNEU3CGTqpn16sI95jGLY1a0VvArXxUZ0f7+TMobXfr2Zxf8PugoyQYkhwZ4qKe/aw2NE8iUMgls7YS+DHWUmZQcAndTDWxEDPeZjdQcVSxCGwt7b/RpZtOadCmNq4U0r76cyJlkbWdKHSdEcOW/ev1xP+8SoLNw1oqVJwgKD5Y1EwkRU17mdCGMMBRdhxh3Ah3K+UtZhhHl1zGhRD8fXmUlHYKwW5h53Ivd3wyjGOGrJENskUCckCOyTm5IEXCyQN5Ii/k1Xv0nr03733QOuYNZ1bJL3gf3/N/mB8=</latexit>

photon jet(ma = 0.3GeV)
<latexit sha1_base64="VxY2wPzxrpoNEGre0OoegH2G01c=">AAACCHicbVA9SwNBEN3z2/gVtbRwMRFiE+5U0EYIWmgZwUQhCWFvM0lW93aP3TkxHClt/Cs2ForY+hPs/DduYgo1Phh4vDfDzLwwlsKi7396E5NT0zOzc/OZhcWl5ZXs6lrV6sRwqHAttbkKmQUpFFRQoISr2ACLQgmX4c3JwL+8BWOFVhfYi6ERsY4SbcEZOqmZ3awj3GEadzVqRa8BC/moyY784l7+FKo7/WY25xf9Ieg4CUYkR0YoN7Mf9ZbmSQQKuWTW1gI/xkbKDAouoZ+pJxZixm9YB2qOKhaBbaTDR/p02ykt2tbGlUI6VH9OpCyytheFrjNi2LV/vYH4n1dLsH3YSIWKEwTFvxe1E0lR00EqtCUMcJQ9Rxg3wt1KeZcZxtFll3EhBH9fHifV3WKwV9w938+VjkdxzJENskUKJCAHpETOSJlUCCf35JE8kxfvwXvyXr2379YJbzSzTn7Be/8C3MaYjw==</latexit>

⌧2/⌧1
<latexit sha1_base64="n9/tlVovmR1C13s1njgJ7bmxbU0=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKe5GQY9BLx4jmAckS5idzCZDZh/O9AbCku/w4kERr36MN//GyWYPmljQdFHVzfSUF0uh0ba/rcLa+sbmVnG7tLO7t39QPjxq6ShRjDdZJCPV8ajmUoS8iQIl78SK08CTvO2N7+Z+e8KVFlH4iNOYuwEdhsIXjKKR3B7SpF+7yJrTL1fsqp2BrBInJxXI0eiXv3qDiCUBD5FJqnXXsWN0U6pQMMlnpV6ieUzZmA5519CQBly7aXb0jJwZZUD8SJkKkWTq742UBlpPA89MBhRHetmbi/953QT9GzcVYZwgD9niIT+RBCMyT4AMhOIM5dQQypQwtxI2oooyNDmVTAjO8pdXSatWdS6rtYerSv02j6MIJ3AK5+DANdThHhrQBAZP8Ayv8GZNrBfr3fpYjBasfOcY/sD6/AEGfZGc</latexit>
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<latexit sha1_base64="WouEx7o20xereSqq7Vqqrtv4orM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JUQY9FLx4r2A9oQ9lsN+3SzSbsTqQh5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5fiy4Bsf5tkobm1vbO+Xdyt7+weGRfVzt6ChRlLVpJCLV84lmgkvWBg6C9WLFSOgL1vWnd3O/+8SU5pF8hDRmXkjGkgecEjDS0K4OgM0ga6nIJz4XHNJ8aNecurMAXiduQWqoQGtofw1GEU1CJoEKonXfdWLwMqKAU8HyyiDRLCZ0Ssasb6gkIdNetrg9x+dGGeEgUqYk4IX6eyIjodZp6JvOkMBEr3pz8T+vn0Bw42VcxgkwSZeLgkRgiPA8CDziilEQqSGEKm5uxXRCFKFg4qqYENzVl9dJp1F3L+uNh6ta87aIo4xO0Rm6QC66Rk10j1qojSiaoWf0it6s3Hqx3q2PZWvJKmZO0B9Ynz/jzZT9</latexit>

single photon
<latexit sha1_base64="4n9e6+yS42n51nAlFBgJKn7neM4=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hZko6DHoxWMEs0ASQk+nkjTp6R66a8Q4BH/FiwdFvPof3vwbO8tBEx8UPN6roqpeGEth0fe/vaXlldW19cxGdnNre2c3t7dftToxHCpcS23qIbMghYIKCpRQjw2wKJRQCwfXY792D8YKre5wGEMrYj0luoIzdFI7d9hEeMDUCtWTQOO+Rq1G7VzeL/gT0EUSzEiezFBu576aHc2TCBRyyaxtBH6MrZQZFFzCKNtMLMSMD1gPGo4qFoFtpZPrR/TEKR3a1caVQjpRf0+kLLJ2GIWuM2LYt/PeWPzPayTYvWylQsUJguLTRd1EUtR0HAXtCAMc5dARxo1wt1LeZ4ZxdIFlXQjB/MuLpFosBGeF4u15vnQ1iyNDjsgxOSUBuSAlckPKpEI4eSTP5JW8eU/ei/fufUxbl7zZzAH5A+/zB1YPlco=</latexit>

QCD jet
<latexit sha1_base64="uDesxpCwX2WNc0IzDx80Vz6aZog=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4CjNR0GMwHjwmYBZIxtDTqUna9Cx016hhyH948aCIV//Fm39jZzlo4oOCx3tVVNXzYik02va3lVlZXVvfyG7mtrZ3dvfy+wcNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9IaVid98AKVFFN7iKAY3YP1Q+IIzNNJdB+EJ01rlmt4Djrv5gl20p6DLxJmTApmj2s1/dXoRTwIIkUumdduxY3RTplBwCeNcJ9EQMz5kfWgbGrIAtJtOrx7TE6P0qB8pUyHSqfp7ImWB1qPAM50Bw4Fe9Cbif147Qf/STUUYJwghny3yE0kxopMIaE8o4ChHhjCuhLmV8gFTjKMJKmdCcBZfXiaNUtE5K5Zq54Xy1TyOLDkix+SUOOSClMkNqZI64USRZ/JK3qxH68V6tz5mrRlrPnNI/sD6/AFI5ZJe</latexit>

photon jet(ma = 3GeV)
<latexit sha1_base64="vo53l0y/UeCIHUZn9XxuzxpAssQ=">AAACBnicbVA9SwNBEN3zM8avqKUIi4mgTbgzgjZC0ELLCCYKSQh7m4lZ3ds9dufEcKSy8a/YWChi62+w89+4iSnU+GDg8d4MM/PCWAqLvv/pTUxOTc/MZuay8wuLS8u5ldWa1YnhUOVaanMZMgtSKKiiQAmXsQEWhRIuwpvjgX9xC8YKrc6xF0MzYldKdARn6KRWbqOBcIdp3NWoFb0G3C5ELXZYKpxAbaffyuX9oj8EHSfBiOTJCJVW7qPR1jyJQCGXzNp64MfYTJlBwSX0s43EQsz4DbuCuqOKRWCb6fCNPt1ySpt2tHGlkA7VnxMpi6ztRaHrjBh27V9vIP7n1RPsHDRToeIEQfHvRZ1EUtR0kAltCwMcZc8Rxo1wt1LeZYZxdMllXQjB35fHSW23GJSKu2d7+fLRKI4MWSebZJsEZJ+UySmpkCrh5J48kmfy4j14T96r9/bdOuGNZtbIL3jvX/BrmB0=</latexit>

photon jet(ma = 5GeV)
<latexit sha1_base64="lW+RTBn5mzI/kkpTO96/SL1M3ks=">AAACBnicbVDLSgNBEJz1bXxFPYowmAh6Cbs+0IsgetCjgkmEJITZSceMmZ1ZZnrFsOTkxV/x4kERr36DN//GyeOgxoKGoqqb7q4wlsKi7395Y+MTk1PTM7OZufmFxaXs8krJ6sRwKHIttbkOmQUpFBRRoITr2ACLQgnlsH3a88t3YKzQ6go7MdQidqNEU3CGTqpn16sI95jGLY1a0VvArXxUZ0f7+TMobXfr2Zxf8PugoyQYkhwZ4qKe/aw2NE8iUMgls7YS+DHWUmZQcAndTDWxEDPeZjdQcVSxCGwt7b/RpZtOadCmNq4U0r76cyJlkbWdKHSdEcOW/ev1xP+8SoLNw1oqVJwgKD5Y1EwkRU17mdCGMMBRdhxh3Ah3K+UtZhhHl1zGhRD8fXmUlHYKwW5h53Ivd3wyjGOGrJENskUCckCOyTm5IEXCyQN5Ii/k1Xv0nr03733QOuYNZ1bJL3gf3/N/mB8=</latexit>

photon jet(ma = 0.3GeV)
<latexit sha1_base64="VxY2wPzxrpoNEGre0OoegH2G01c=">AAACCHicbVA9SwNBEN3z2/gVtbRwMRFiE+5U0EYIWmgZwUQhCWFvM0lW93aP3TkxHClt/Cs2ForY+hPs/DduYgo1Phh4vDfDzLwwlsKi7396E5NT0zOzc/OZhcWl5ZXs6lrV6sRwqHAttbkKmQUpFFRQoISr2ACLQgmX4c3JwL+8BWOFVhfYi6ERsY4SbcEZOqmZ3awj3GEadzVqRa8BC/moyY784l7+FKo7/WY25xf9Ieg4CUYkR0YoN7Mf9ZbmSQQKuWTW1gI/xkbKDAouoZ+pJxZixm9YB2qOKhaBbaTDR/p02ykt2tbGlUI6VH9OpCyytheFrjNi2LV/vYH4n1dLsH3YSIWKEwTFvxe1E0lR00EqtCUMcJQ9Rxg3wt1KeZcZxtFll3EhBH9fHifV3WKwV9w938+VjkdxzJENskUKJCAHpETOSJlUCCf35JE8kxfvwXvyXr2379YJbzSzTn7Be/8C3MaYjw==</latexit>

⌧3/⌧1
<latexit sha1_base64="WvNN8rjUxdPEBvFesM5CLF7rg7g=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8xd1E0GPQi8cI5gHJEmYns8mQ2YczvYGw5Du8eFDEqx/jzb9xstmDJhY0XVR1Mz3lxVJotO1va219Y3Nru7BT3N3bPzgsHR23dJQoxpsskpHqeFRzKULeRIGSd2LFaeBJ3vbGd3O/PeFKiyh8xGnM3YAOQ+ELRtFIbg9p0q9dZs3pl8p2xc5AVomTkzLkaPRLX71BxJKAh8gk1brr2DG6KVUomOSzYi/RPKZsTIe8a2hIA67dNDt6Rs6NMiB+pEyFSDL190ZKA62ngWcmA4ojvezNxf+8boL+jZuKME6Qh2zxkJ9IghGZJ0AGQnGGcmoIZUqYWwkbUUUZmpyKJgRn+curpFWtOLVK9eGqXL/N4yjAKZzBBThwDXW4hwY0gcETPMMrvFkT68V6tz4Wo2tWvnMCf2B9/gAICJGd</latexit>
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<latexit sha1_base64="WouEx7o20xereSqq7Vqqrtv4orM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JUQY9FLx4r2A9oQ9lsN+3SzSbsTqQh5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5fiy4Bsf5tkobm1vbO+Xdyt7+weGRfVzt6ChRlLVpJCLV84lmgkvWBg6C9WLFSOgL1vWnd3O/+8SU5pF8hDRmXkjGkgecEjDS0K4OgM0ga6nIJz4XHNJ8aNecurMAXiduQWqoQGtofw1GEU1CJoEKonXfdWLwMqKAU8HyyiDRLCZ0Ssasb6gkIdNetrg9x+dGGeEgUqYk4IX6eyIjodZp6JvOkMBEr3pz8T+vn0Bw42VcxgkwSZeLgkRgiPA8CDziilEQqSGEKm5uxXRCFKFg4qqYENzVl9dJp1F3L+uNh6ta87aIo4xO0Rm6QC66Rk10j1qojSiaoWf0it6s3Hqx3q2PZWvJKmZO0B9Ynz/jzZT9</latexit>

single photon
<latexit sha1_base64="4n9e6+yS42n51nAlFBgJKn7neM4=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hZko6DHoxWMEs0ASQk+nkjTp6R66a8Q4BH/FiwdFvPof3vwbO8tBEx8UPN6roqpeGEth0fe/vaXlldW19cxGdnNre2c3t7dftToxHCpcS23qIbMghYIKCpRQjw2wKJRQCwfXY792D8YKre5wGEMrYj0luoIzdFI7d9hEeMDUCtWTQOO+Rq1G7VzeL/gT0EUSzEiezFBu576aHc2TCBRyyaxtBH6MrZQZFFzCKNtMLMSMD1gPGo4qFoFtpZPrR/TEKR3a1caVQjpRf0+kLLJ2GIWuM2LYt/PeWPzPayTYvWylQsUJguLTRd1EUtR0HAXtCAMc5dARxo1wt1LeZ4ZxdIFlXQjB/MuLpFosBGeF4u15vnQ1iyNDjsgxOSUBuSAlckPKpEI4eSTP5JW8eU/ei/fufUxbl7zZzAH5A+/zB1YPlco=</latexit>

QCD jet
<latexit sha1_base64="uDesxpCwX2WNc0IzDx80Vz6aZog=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4CjNR0GMwHjwmYBZIxtDTqUna9Cx016hhyH948aCIV//Fm39jZzlo4oOCx3tVVNXzYik02va3lVlZXVvfyG7mtrZ3dvfy+wcNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9IaVid98AKVFFN7iKAY3YP1Q+IIzNNJdB+EJ01rlmt4Djrv5gl20p6DLxJmTApmj2s1/dXoRTwIIkUumdduxY3RTplBwCeNcJ9EQMz5kfWgbGrIAtJtOrx7TE6P0qB8pUyHSqfp7ImWB1qPAM50Bw4Fe9Cbif147Qf/STUUYJwghny3yE0kxopMIaE8o4ChHhjCuhLmV8gFTjKMJKmdCcBZfXiaNUtE5K5Zq54Xy1TyOLDkix+SUOOSClMkNqZI64USRZ/JK3qxH68V6tz5mrRlrPnNI/sD6/AFI5ZJe</latexit>

photon jet(ma = 3GeV)
<latexit sha1_base64="vo53l0y/UeCIHUZn9XxuzxpAssQ=">AAACBnicbVA9SwNBEN3zM8avqKUIi4mgTbgzgjZC0ELLCCYKSQh7m4lZ3ds9dufEcKSy8a/YWChi62+w89+4iSnU+GDg8d4MM/PCWAqLvv/pTUxOTc/MZuay8wuLS8u5ldWa1YnhUOVaanMZMgtSKKiiQAmXsQEWhRIuwpvjgX9xC8YKrc6xF0MzYldKdARn6KRWbqOBcIdp3NWoFb0G3C5ELXZYKpxAbaffyuX9oj8EHSfBiOTJCJVW7qPR1jyJQCGXzNp64MfYTJlBwSX0s43EQsz4DbuCuqOKRWCb6fCNPt1ySpt2tHGlkA7VnxMpi6ztRaHrjBh27V9vIP7n1RPsHDRToeIEQfHvRZ1EUtR0kAltCwMcZc8Rxo1wt1LeZYZxdMllXQjB35fHSW23GJSKu2d7+fLRKI4MWSebZJsEZJ+UySmpkCrh5J48kmfy4j14T96r9/bdOuGNZtbIL3jvX/BrmB0=</latexit>

photon jet(ma = 5GeV)
<latexit sha1_base64="lW+RTBn5mzI/kkpTO96/SL1M3ks=">AAACBnicbVDLSgNBEJz1bXxFPYowmAh6Cbs+0IsgetCjgkmEJITZSceMmZ1ZZnrFsOTkxV/x4kERr36DN//GyeOgxoKGoqqb7q4wlsKi7395Y+MTk1PTM7OZufmFxaXs8krJ6sRwKHIttbkOmQUpFBRRoITr2ACLQgnlsH3a88t3YKzQ6go7MdQidqNEU3CGTqpn16sI95jGLY1a0VvArXxUZ0f7+TMobXfr2Zxf8PugoyQYkhwZ4qKe/aw2NE8iUMgls7YS+DHWUmZQcAndTDWxEDPeZjdQcVSxCGwt7b/RpZtOadCmNq4U0r76cyJlkbWdKHSdEcOW/ev1xP+8SoLNw1oqVJwgKD5Y1EwkRU17mdCGMMBRdhxh3Ah3K+UtZhhHl1zGhRD8fXmUlHYKwW5h53Ivd3wyjGOGrJENskUCckCOyTm5IEXCyQN5Ii/k1Xv0nr03733QOuYNZ1bJL3gf3/N/mB8=</latexit>

photon jet(ma = 0.3GeV)
<latexit sha1_base64="VxY2wPzxrpoNEGre0OoegH2G01c=">AAACCHicbVA9SwNBEN3z2/gVtbRwMRFiE+5U0EYIWmgZwUQhCWFvM0lW93aP3TkxHClt/Cs2ForY+hPs/DduYgo1Phh4vDfDzLwwlsKi7396E5NT0zOzc/OZhcWl5ZXs6lrV6sRwqHAttbkKmQUpFFRQoISr2ACLQgmX4c3JwL+8BWOFVhfYi6ERsY4SbcEZOqmZ3awj3GEadzVqRa8BC/moyY784l7+FKo7/WY25xf9Ieg4CUYkR0YoN7Mf9ZbmSQQKuWTW1gI/xkbKDAouoZ+pJxZixm9YB2qOKhaBbaTDR/p02ykt2tbGlUI6VH9OpCyytheFrjNi2LV/vYH4n1dLsH3YSIWKEwTFvxe1E0lR00EqtCUMcJQ9Rxg3wt1KeZcZxtFll3EhBH9fHifV3WKwV9w938+VjkdxzJENskUKJCAHpETOSJlUCCf35JE8kxfvwXvyXr2379YJbzSzTn7Be/8C3MaYjw==</latexit>

⌧3/⌧2
<latexit sha1_base64="wb98gKcdAmE8aUrD3vE0xMUiciE=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBE81aQV9Fj04rGC/YA2lM120y7dbOLupFBCf4cXD4p49cd489+4TXPQ1gfDPN6bYWefHwuu0XG+rbX1jc2t7cJOcXdv/+CwdHTc0lGiKGvSSESq4xPNBJesiRwF68SKkdAXrO2P7+Z+e8KU5pF8xGnMvJAMJQ84JWgkr4ck6dcus1btl8pOxclgrxI3J2XI0eiXvnqDiCYhk0gF0brrOjF6KVHIqWCzYi/RLCZ0TIasa6gkIdNemh09s8+NMrCDSJmSaGfq742UhFpPQ99MhgRHetmbi/953QSDGy/lMk6QSbp4KEiEjZE9T8AecMUoiqkhhCpubrXpiChC0eRUNCG4y19eJa1qxa1Vqg9X5fptHkcBTuEMLsCFa6jDPTSgCRSe4Ble4c2aWC/Wu/WxGF2z8p0T+APr8wcJjJGe</latexit>
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<latexit sha1_base64="WouEx7o20xereSqq7Vqqrtv4orM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JUQY9FLx4r2A9oQ9lsN+3SzSbsTqQh5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5fiy4Bsf5tkobm1vbO+Xdyt7+weGRfVzt6ChRlLVpJCLV84lmgkvWBg6C9WLFSOgL1vWnd3O/+8SU5pF8hDRmXkjGkgecEjDS0K4OgM0ga6nIJz4XHNJ8aNecurMAXiduQWqoQGtofw1GEU1CJoEKonXfdWLwMqKAU8HyyiDRLCZ0Ssasb6gkIdNetrg9x+dGGeEgUqYk4IX6eyIjodZp6JvOkMBEr3pz8T+vn0Bw42VcxgkwSZeLgkRgiPA8CDziilEQqSGEKm5uxXRCFKFg4qqYENzVl9dJp1F3L+uNh6ta87aIo4xO0Rm6QC66Rk10j1qojSiaoWf0it6s3Hqx3q2PZWvJKmZO0B9Ynz/jzZT9</latexit>

Ntrack
<latexit sha1_base64="0NJGKndD5zKPqx2xWPK2APkcfpA=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVZIq6LLoxpVUsA9oQ5hMJ+3QySTM3BRLyJ+4caGIW//EnX/jtM1CWw9cOJxz78y9J0gE1+A431ZpbX1jc6u8XdnZ3ds/sA+P2jpOFWUtGotYdQOimeCStYCDYN1EMRIFgnWC8e3M70yY0jyWjzBNmBeRoeQhpwSM5Nv2vZ/1gT1BBorQcZ77dtWpOXPgVeIWpIoKNH37qz+IaRoxCVQQrXuuk4CXEQWcCpZX+qlmiXmaDFnPUEkipr1svnmOz4wywGGsTEnAc/X3REYiradRYDojAiO97M3E/7xeCuG1l3GZpMAkXXwUpgJDjGcx4AFXjIKYGkKo4mZXTEfERAAmrIoJwV0+eZW06zX3olZ/uKw2boo4yugEnaJz5KIr1EB3qIlaiKIJekav6M3KrBfr3fpYtJasYuYY/YH1+QNdoJQi</latexit>

single photon
<latexit sha1_base64="4n9e6+yS42n51nAlFBgJKn7neM4=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hZko6DHoxWMEs0ASQk+nkjTp6R66a8Q4BH/FiwdFvPof3vwbO8tBEx8UPN6roqpeGEth0fe/vaXlldW19cxGdnNre2c3t7dftToxHCpcS23qIbMghYIKCpRQjw2wKJRQCwfXY792D8YKre5wGEMrYj0luoIzdFI7d9hEeMDUCtWTQOO+Rq1G7VzeL/gT0EUSzEiezFBu576aHc2TCBRyyaxtBH6MrZQZFFzCKNtMLMSMD1gPGo4qFoFtpZPrR/TEKR3a1caVQjpRf0+kLLJ2GIWuM2LYt/PeWPzPayTYvWylQsUJguLTRd1EUtR0HAXtCAMc5dARxo1wt1LeZ4ZxdIFlXQjB/MuLpFosBGeF4u15vnQ1iyNDjsgxOSUBuSAlckPKpEI4eSTP5JW8eU/ei/fufUxbl7zZzAH5A+/zB1YPlco=</latexit>

QCD jet
<latexit sha1_base64="uDesxpCwX2WNc0IzDx80Vz6aZog=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4CjNR0GMwHjwmYBZIxtDTqUna9Cx016hhyH948aCIV//Fm39jZzlo4oOCx3tVVNXzYik02va3lVlZXVvfyG7mtrZ3dvfy+wcNHSWKQ51HMlItj2mQIoQ6CpTQihWwwJPQ9IaVid98AKVFFN7iKAY3YP1Q+IIzNNJdB+EJ01rlmt4Djrv5gl20p6DLxJmTApmj2s1/dXoRTwIIkUumdduxY3RTplBwCeNcJ9EQMz5kfWgbGrIAtJtOrx7TE6P0qB8pUyHSqfp7ImWB1qPAM50Bw4Fe9Cbif147Qf/STUUYJwghny3yE0kxopMIaE8o4ChHhjCuhLmV8gFTjKMJKmdCcBZfXiaNUtE5K5Zq54Xy1TyOLDkix+SUOOSClMkNqZI64USRZ/JK3qxH68V6tz5mrRlrPnNI/sD6/AFI5ZJe</latexit>

photon jet(ma = 3GeV)
<latexit sha1_base64="vo53l0y/UeCIHUZn9XxuzxpAssQ=">AAACBnicbVA9SwNBEN3zM8avqKUIi4mgTbgzgjZC0ELLCCYKSQh7m4lZ3ds9dufEcKSy8a/YWChi62+w89+4iSnU+GDg8d4MM/PCWAqLvv/pTUxOTc/MZuay8wuLS8u5ldWa1YnhUOVaanMZMgtSKKiiQAmXsQEWhRIuwpvjgX9xC8YKrc6xF0MzYldKdARn6KRWbqOBcIdp3NWoFb0G3C5ELXZYKpxAbaffyuX9oj8EHSfBiOTJCJVW7qPR1jyJQCGXzNp64MfYTJlBwSX0s43EQsz4DbuCuqOKRWCb6fCNPt1ySpt2tHGlkA7VnxMpi6ztRaHrjBh27V9vIP7n1RPsHDRToeIEQfHvRZ1EUtR0kAltCwMcZc8Rxo1wt1LeZYZxdMllXQjB35fHSW23GJSKu2d7+fLRKI4MWSebZJsEZJ+UySmpkCrh5J48kmfy4j14T96r9/bdOuGNZtbIL3jvX/BrmB0=</latexit>

photon jet(ma = 5GeV)
<latexit sha1_base64="lW+RTBn5mzI/kkpTO96/SL1M3ks=">AAACBnicbVDLSgNBEJz1bXxFPYowmAh6Cbs+0IsgetCjgkmEJITZSceMmZ1ZZnrFsOTkxV/x4kERr36DN//GyeOgxoKGoqqb7q4wlsKi7395Y+MTk1PTM7OZufmFxaXs8krJ6sRwKHIttbkOmQUpFBRRoITr2ACLQgnlsH3a88t3YKzQ6go7MdQidqNEU3CGTqpn16sI95jGLY1a0VvArXxUZ0f7+TMobXfr2Zxf8PugoyQYkhwZ4qKe/aw2NE8iUMgls7YS+DHWUmZQcAndTDWxEDPeZjdQcVSxCGwt7b/RpZtOadCmNq4U0r76cyJlkbWdKHSdEcOW/ev1xP+8SoLNw1oqVJwgKD5Y1EwkRU17mdCGMMBRdhxh3Ah3K+UtZhhHl1zGhRD8fXmUlHYKwW5h53Ivd3wyjGOGrJENskUCckCOyTm5IEXCyQN5Ii/k1Xv0nr03733QOuYNZ1bJL3gf3/N/mB8=</latexit>

photon jet(ma = 0.3GeV)
<latexit sha1_base64="VxY2wPzxrpoNEGre0OoegH2G01c=">AAACCHicbVA9SwNBEN3z2/gVtbRwMRFiE+5U0EYIWmgZwUQhCWFvM0lW93aP3TkxHClt/Cs2ForY+hPs/DduYgo1Phh4vDfDzLwwlsKi7396E5NT0zOzc/OZhcWl5ZXs6lrV6sRwqHAttbkKmQUpFFRQoISr2ACLQgmX4c3JwL+8BWOFVhfYi6ERsY4SbcEZOqmZ3awj3GEadzVqRa8BC/moyY784l7+FKo7/WY25xf9Ieg4CUYkR0YoN7Mf9ZbmSQQKuWTW1gI/xkbKDAouoZ+pJxZixm9YB2qOKhaBbaTDR/p02ykt2tbGlUI6VH9OpCyytheFrjNi2LV/vYH4n1dLsH3YSIWKEwTFvxe1E0lR00EqtCUMcJQ9Rxg3wt1KeZcZxtFll3EhBH9fHifV3WKwV9w938+VjkdxzJENskUKJCAHpETOSJlUCCf35JE8kxfvwXvyXr2379YJbzSzTn7Be/8C3MaYjw==</latexit>

Now, you need to do cut on a “dimension-8” parameter space.   
For such a “multi-variable analysis” problem, we can use boosted 
decision tree (BDT) to help us. 



Photon jet & its tagging 
Operational process of BDT. 

Firstly you need lots of sample to train the BDT:  

Then you can use the well trained BDT to do discrimination: 

Samples
feed in untrained 

 BDT 
feed enough BDT 

trained well 

well trained BDT

{log θJ, NT, log τ1, τ2/τ1, τ3/τ1, τ3/τ2, λj, ϵJ} of a jet

BDT score



Photon jet & its tagging 
Actually we have 2 BDTs. BDT-1 is used to distinguish QCD jet for 
photon/photon jet. BDT-2 is used to distinguish photon from photon jet. 

Cut on BDT-1 score and BDT-2 score. We can do a quite good photon jet 
tagging. 



Study on the LHC 
Now we can use the powerful photon-jet tagging method to do some real 
collider search job.  
We consider high-luminosity LHC ( 14 TeV ,  3000 fb-1 ). 
Signal process is ALP-strahlung process:  
                                 , or   

  

Main background:  
 : QCD di-jet, , , ,  

 :  , 

pp → W±a pp → Za

pp → W±a W±j W±γ tt̄ tj
pp → Za Zγ Zj



Study on the LHC 
Cut flow table: 

pp → W±a

pp → Za

Photon jet tagging is important! 
Without this you can see nothing!



Study on the LHC 
Here is the final exclusion limits we obtained:  



Improve our work by Neural Network
Alright, let’s try to use all the information we can get. 
                                          “Jet image”  

summation 
of all energy 

energy on 
E-Cal

energy of 
charged 
hadron

energy of 
neutral 
hadron

(Almost) all the information of a jet has been included ~



Improve our work by Neural Network
The result is certainly better.  

I think we already reach the limit of LHC.  



Conclusion

For the ALP within mass range , its collider 
detection is quite difficult.  

By using “photon jet” tagging method, we can reach a parameter region 
which is unreachable by previous studies.  

0.1 GeV ≲ ma ≲ 10 GeV


