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The Standard Model: 
The SM based on Gauge theory: SU(2) X U(1)

Higgs Mechanism 

Higgs Scalar

Brout, Englert, Higgs,’64, Weinberg, Salam, ‘67

Gauge Symmetry works fine 

1967-2012: SM passed all tests
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Spectrum of Particles? 
Symmetry is broken 



Higgs Discovery
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mH = 125.26± 0.21 GeV
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µ = 1.17± 0.10
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µ = 1.17± 0.10
<latexit sha1_base64="kurX0i8Ix78y6YH8PEQg6XGUoy4=">AAAB+XicbVBNSwMxEM3Wr1q/tnr0EiyCp2UjQvUgFL14rODaQncp2TTbhibZJckqpfanePGg4tV/4s1/Y9ruQVsfDDzem2FmXpxxpo3vfzulldW19Y3yZmVre2d3z63u3+s0V4QGJOWpasdYU84kDQwznLYzRbGIOW3Fw+up33qgSrNU3plRRiOB+5IljGBjpa5bDUV+iTxUh2EmoO8hv+vWfM+fAS4TVJAaKNDsul9hLyW5oNIQjrXuID8z0Rgrwwink0qYa5phMsR92rFUYkF1NJ6dPoHHVunBJFW2pIEz9ffEGAutRyK2nQKbgV70puJ/Xic3yXk0ZjLLDZVkvijJOTQpnOYAe0xRYvjIEkwUs7dCMsAKE2PTqtgQ0OLLyyQ49S48dHtWa1wVaZTBITgCJwCBOmiAG9AEASDgETyDV/DmPDkvzrvzMW8tOcXMAfgD5/MHUsORow==</latexit><latexit sha1_base64="kurX0i8Ix78y6YH8PEQg6XGUoy4=">AAAB+XicbVBNSwMxEM3Wr1q/tnr0EiyCp2UjQvUgFL14rODaQncp2TTbhibZJckqpfanePGg4tV/4s1/Y9ruQVsfDDzem2FmXpxxpo3vfzulldW19Y3yZmVre2d3z63u3+s0V4QGJOWpasdYU84kDQwznLYzRbGIOW3Fw+up33qgSrNU3plRRiOB+5IljGBjpa5bDUV+iTxUh2EmoO8hv+vWfM+fAS4TVJAaKNDsul9hLyW5oNIQjrXuID8z0Rgrwwink0qYa5phMsR92rFUYkF1NJ6dPoHHVunBJFW2pIEz9ffEGAutRyK2nQKbgV70puJ/Xic3yXk0ZjLLDZVkvijJOTQpnOYAe0xRYvjIEkwUs7dCMsAKE2PTqtgQ0OLLyyQ49S48dHtWa1wVaZTBITgCJwCBOmiAG9AEASDgETyDV/DmPDkvzrvzMW8tOcXMAfgD5/MHUsORow==</latexit><latexit sha1_base64="kurX0i8Ix78y6YH8PEQg6XGUoy4=">AAAB+XicbVBNSwMxEM3Wr1q/tnr0EiyCp2UjQvUgFL14rODaQncp2TTbhibZJckqpfanePGg4tV/4s1/Y9ruQVsfDDzem2FmXpxxpo3vfzulldW19Y3yZmVre2d3z63u3+s0V4QGJOWpasdYU84kDQwznLYzRbGIOW3Fw+up33qgSrNU3plRRiOB+5IljGBjpa5bDUV+iTxUh2EmoO8hv+vWfM+fAS4TVJAaKNDsul9hLyW5oNIQjrXuID8z0Rgrwwink0qYa5phMsR92rFUYkF1NJ6dPoHHVunBJFW2pIEz9ffEGAutRyK2nQKbgV70puJ/Xic3yXk0ZjLLDZVkvijJOTQpnOYAe0xRYvjIEkwUs7dCMsAKE2PTqtgQ0OLLyyQ49S48dHtWa1wVaZTBITgCJwCBOmiAG9AEASDgETyDV/DmPDkvzrvzMW8tOcXMAfgD5/MHUsORow==</latexit><latexit sha1_base64="kurX0i8Ix78y6YH8PEQg6XGUoy4=">AAAB+XicbVBNSwMxEM3Wr1q/tnr0EiyCp2UjQvUgFL14rODaQncp2TTbhibZJckqpfanePGg4tV/4s1/Y9ruQVsfDDzem2FmXpxxpo3vfzulldW19Y3yZmVre2d3z63u3+s0V4QGJOWpasdYU84kDQwznLYzRbGIOW3Fw+up33qgSrNU3plRRiOB+5IljGBjpa5bDUV+iTxUh2EmoO8hv+vWfM+fAS4TVJAaKNDsul9hLyW5oNIQjrXuID8z0Rgrwwink0qYa5phMsR92rFUYkF1NJ6dPoHHVunBJFW2pIEz9ffEGAutRyK2nQKbgV70puJ/Xic3yXk0ZjLLDZVkvijJOTQpnOYAe0xRYvjIEkwUs7dCMsAKE2PTqtgQ0OLLyyQ49S48dHtWa1wVaZTBITgCJwCBOmiAG9AEASDgETyDV/DmPDkvzrvzMW8tOcXMAfgD5/MHUsORow==</latexit>
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2.5  PreliminaryATLAS
1− = 13 TeV, 36.1 - 79.8 fbs

| < 2.5
H
y = 125.09 GeV, |Hm

Best fit
68% CL
95% CL
SM

Combined γγ→H

ZZ→H WW→H

bb→H ττ→H

H(125) is very likely SM Higgs boson 

ALL iz NOT WELL
Many unknowns of known SM



In SM, masses of fermions and gauge bosons are protected by 
chiral and Gauge Symmetry

Fine Tuning
1 part in 1036

<latexit sha1_base64="pIMZxHKvlR4Qe647gCYy4oXQmUo=">AAAB/HicbVDLTsMwENzwLOUVHjcuFhUSpyoBxONWwYVjkQit1IbKcd3WquNEtoNUooZf4cIBEFc+hBt/g9vmAC0jrTSa2bV3J4g5U9pxvq25+YXFpeXCSnF1bX1j097avlNRIgn1SMQjWQ+wopwJ6mmmOa3HkuIw4LQW9K9Gfu2BSsUicasHMfVD3BWswwjWRmrZu26WxVjqLGMiy1znPj0+HbbsklN2xkCzxM1JCXJUW/ZXsx2RJKRCE46VarhOrP3UvMsIp8NiM1E0xqSPu7RhqMAhVX463n6IDozSRp1ImhIajdXfEykOlRqEgekMse6paW8k/uc1Et0591Mm4kRTQSYfdRKOdIRGUaA2k5RoPjAEE8nMroj0sMREm8CKJgR3+uRZ4h2VL8ruzUmpcpmnUYA92IdDcOEMKnANVfCAwCM8wyu8WU/Wi/VufUxa56x8Zgf+wPr8AfhVlRo=</latexit><latexit sha1_base64="pIMZxHKvlR4Qe647gCYy4oXQmUo=">AAAB/HicbVDLTsMwENzwLOUVHjcuFhUSpyoBxONWwYVjkQit1IbKcd3WquNEtoNUooZf4cIBEFc+hBt/g9vmAC0jrTSa2bV3J4g5U9pxvq25+YXFpeXCSnF1bX1j097avlNRIgn1SMQjWQ+wopwJ6mmmOa3HkuIw4LQW9K9Gfu2BSsUicasHMfVD3BWswwjWRmrZu26WxVjqLGMiy1znPj0+HbbsklN2xkCzxM1JCXJUW/ZXsx2RJKRCE46VarhOrP3UvMsIp8NiM1E0xqSPu7RhqMAhVX463n6IDozSRp1ImhIajdXfEykOlRqEgekMse6paW8k/uc1Et0591Mm4kRTQSYfdRKOdIRGUaA2k5RoPjAEE8nMroj0sMREm8CKJgR3+uRZ4h2VL8ruzUmpcpmnUYA92IdDcOEMKnANVfCAwCM8wyu8WU/Wi/VufUxa56x8Zgf+wPr8AfhVlRo=</latexit><latexit sha1_base64="pIMZxHKvlR4Qe647gCYy4oXQmUo=">AAAB/HicbVDLTsMwENzwLOUVHjcuFhUSpyoBxONWwYVjkQit1IbKcd3WquNEtoNUooZf4cIBEFc+hBt/g9vmAC0jrTSa2bV3J4g5U9pxvq25+YXFpeXCSnF1bX1j097avlNRIgn1SMQjWQ+wopwJ6mmmOa3HkuIw4LQW9K9Gfu2BSsUicasHMfVD3BWswwjWRmrZu26WxVjqLGMiy1znPj0+HbbsklN2xkCzxM1JCXJUW/ZXsx2RJKRCE46VarhOrP3UvMsIp8NiM1E0xqSPu7RhqMAhVX463n6IDozSRp1ImhIajdXfEykOlRqEgekMse6paW8k/uc1Et0591Mm4kRTQSYfdRKOdIRGUaA2k5RoPjAEE8nMroj0sMREm8CKJgR3+uRZ4h2VL8ruzUmpcpmnUYA92IdDcOEMKnANVfCAwCM8wyu8WU/Wi/VufUxa56x8Zgf+wPr8AfhVlRo=</latexit><latexit sha1_base64="pIMZxHKvlR4Qe647gCYy4oXQmUo=">AAAB/HicbVDLTsMwENzwLOUVHjcuFhUSpyoBxONWwYVjkQit1IbKcd3WquNEtoNUooZf4cIBEFc+hBt/g9vmAC0jrTSa2bV3J4g5U9pxvq25+YXFpeXCSnF1bX1j097avlNRIgn1SMQjWQ+wopwJ6mmmOa3HkuIw4LQW9K9Gfu2BSsUicasHMfVD3BWswwjWRmrZu26WxVjqLGMiy1znPj0+HbbsklN2xkCzxM1JCXJUW/ZXsx2RJKRCE46VarhOrP3UvMsIp8NiM1E0xqSPu7RhqMAhVX463n6IDozSRp1ImhIajdXfEykOlRqEgekMse6paW8k/uc1Et0591Mm4kRTQSYfdRKOdIRGUaA2k5RoPjAEE8nMroj0sMREm8CKJgR3+uRZ4h2VL8ruzUmpcpmnUYA92IdDcOEMKnANVfCAwCM8wyu8WU/Wi/VufUxa56x8Zgf+wPr8AfhVlRo=</latexit> Each order in perturbation theory

W+W� ! W+W�
<latexit sha1_base64="zBc9sHIYaP8IkWWb/7Pb8Bzg1LQ=">AAAB+nicbVBNS8NAEJ3Ur1q/Yj16WSyCIC2JCOqt6MVjBWMKbVo22227dLMJuxuxhP4VLx5UvPpLvPlv3LY5aOuDgcd7M8zMCxPOlHacb6uwsrq2vlHcLG1t7+zu2fvlBxWnklCPxDyWzRArypmgnmaa02YiKY5CTv1wdDP1/UcqFYvFvR4nNIjwQLA+I1gbqWuX/c6p36mito6RoaaqXbvi1JwZ0DJxc1KBHI2u/dXuxSSNqNCEY6VarpPoIMNSM8LppNROFU0wGeEBbRkqcERVkM1un6Bjo/RQP5amhEYz9fdEhiOlxlFoOiOsh2rRm4r/ea1U9y+DjIkk1VSQ+aJ+ypF5dBoE6jFJieZjQzCRzNyKyBBLTLSJq2RCcBdfXibeWe2q5t6dV+rXeRpFOIQjOAEXLqAOt9AADwg8wTO8wps1sV6sd+tj3lqw8pkD+APr8wd8+JJW</latexit><latexit sha1_base64="zBc9sHIYaP8IkWWb/7Pb8Bzg1LQ=">AAAB+nicbVBNS8NAEJ3Ur1q/Yj16WSyCIC2JCOqt6MVjBWMKbVo22227dLMJuxuxhP4VLx5UvPpLvPlv3LY5aOuDgcd7M8zMCxPOlHacb6uwsrq2vlHcLG1t7+zu2fvlBxWnklCPxDyWzRArypmgnmaa02YiKY5CTv1wdDP1/UcqFYvFvR4nNIjwQLA+I1gbqWuX/c6p36mito6RoaaqXbvi1JwZ0DJxc1KBHI2u/dXuxSSNqNCEY6VarpPoIMNSM8LppNROFU0wGeEBbRkqcERVkM1un6Bjo/RQP5amhEYz9fdEhiOlxlFoOiOsh2rRm4r/ea1U9y+DjIkk1VSQ+aJ+ypF5dBoE6jFJieZjQzCRzNyKyBBLTLSJq2RCcBdfXibeWe2q5t6dV+rXeRpFOIQjOAEXLqAOt9AADwg8wTO8wps1sV6sd+tj3lqw8pkD+APr8wd8+JJW</latexit><latexit sha1_base64="zBc9sHIYaP8IkWWb/7Pb8Bzg1LQ=">AAAB+nicbVBNS8NAEJ3Ur1q/Yj16WSyCIC2JCOqt6MVjBWMKbVo22227dLMJuxuxhP4VLx5UvPpLvPlv3LY5aOuDgcd7M8zMCxPOlHacb6uwsrq2vlHcLG1t7+zu2fvlBxWnklCPxDyWzRArypmgnmaa02YiKY5CTv1wdDP1/UcqFYvFvR4nNIjwQLA+I1gbqWuX/c6p36mito6RoaaqXbvi1JwZ0DJxc1KBHI2u/dXuxSSNqNCEY6VarpPoIMNSM8LppNROFU0wGeEBbRkqcERVkM1un6Bjo/RQP5amhEYz9fdEhiOlxlFoOiOsh2rRm4r/ea1U9y+DjIkk1VSQ+aJ+ypF5dBoE6jFJieZjQzCRzNyKyBBLTLSJq2RCcBdfXibeWe2q5t6dV+rXeRpFOIQjOAEXLqAOt9AADwg8wTO8wps1sV6sd+tj3lqw8pkD+APr8wd8+JJW</latexit><latexit sha1_base64="zBc9sHIYaP8IkWWb/7Pb8Bzg1LQ=">AAAB+nicbVBNS8NAEJ3Ur1q/Yj16WSyCIC2JCOqt6MVjBWMKbVo22227dLMJuxuxhP4VLx5UvPpLvPlv3LY5aOuDgcd7M8zMCxPOlHacb6uwsrq2vlHcLG1t7+zu2fvlBxWnklCPxDyWzRArypmgnmaa02YiKY5CTv1wdDP1/UcqFYvFvR4nNIjwQLA+I1gbqWuX/c6p36mito6RoaaqXbvi1JwZ0DJxc1KBHI2u/dXuxSSNqNCEY6VarpPoIMNSM8LppNROFU0wGeEBbRkqcERVkM1un6Bjo/RQP5amhEYz9fdEhiOlxlFoOiOsh2rRm4r/ea1U9y+DjIkk1VSQ+aJ+ypF5dBoE6jFJieZjQzCRzNyKyBBLTLSJq2RCcBdfXibeWe2q5t6dV+rXeRpFOIQjOAEXLqAOt9AADwg8wTO8wps1sV6sd+tj3lqw8pkD+APr8wd8+JJW</latexit>

mH = 125 GeV
<latexit sha1_base64="pJgHUD5k6uVmaPV1eP4nz4eC6is=">AAAB8XicbVDLSsNAFJ3UV62vqks3g0VwVZKiqAuh6MIuK5i2kIYymU7aofMIMxOhhPoXblyouPVv3Pk3TtsstPXAhcM593LvPVHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUvLVGHiY8mk6kRIE0YF8Q01jHQSRRCPGGlHo9up334kSlMpHsw4ISFHA0FjipGxUsB7jWuvdv50R1q9csWtujPAZeLlpAJyNHvlr25f4pQTYTBDWgeem5gwQ8pQzMik1E01SRAeoQEJLBWIEx1ms5Mn8MQqfRhLZUsYOFN/T2SIaz3mke3kyAz1ojcV//OC1MSXYUZFkhoi8HxRnDJoJJz+D/tUEWzY2BKEFbW3QjxECmFjUyrZELzFl5eJX6teVb37s0r9Jk+jCI7AMTgFHrgAddAATeADDCR4Bq/gzTHOi/PufMxbC04+cwj+wPn8AUlpkCU=</latexit><latexit sha1_base64="pJgHUD5k6uVmaPV1eP4nz4eC6is=">AAAB8XicbVDLSsNAFJ3UV62vqks3g0VwVZKiqAuh6MIuK5i2kIYymU7aofMIMxOhhPoXblyouPVv3Pk3TtsstPXAhcM593LvPVHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUvLVGHiY8mk6kRIE0YF8Q01jHQSRRCPGGlHo9up334kSlMpHsw4ISFHA0FjipGxUsB7jWuvdv50R1q9csWtujPAZeLlpAJyNHvlr25f4pQTYTBDWgeem5gwQ8pQzMik1E01SRAeoQEJLBWIEx1ms5Mn8MQqfRhLZUsYOFN/T2SIaz3mke3kyAz1ojcV//OC1MSXYUZFkhoi8HxRnDJoJJz+D/tUEWzY2BKEFbW3QjxECmFjUyrZELzFl5eJX6teVb37s0r9Jk+jCI7AMTgFHrgAddAATeADDCR4Bq/gzTHOi/PufMxbC04+cwj+wPn8AUlpkCU=</latexit><latexit sha1_base64="pJgHUD5k6uVmaPV1eP4nz4eC6is=">AAAB8XicbVDLSsNAFJ3UV62vqks3g0VwVZKiqAuh6MIuK5i2kIYymU7aofMIMxOhhPoXblyouPVv3Pk3TtsstPXAhcM593LvPVHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUvLVGHiY8mk6kRIE0YF8Q01jHQSRRCPGGlHo9up334kSlMpHsw4ISFHA0FjipGxUsB7jWuvdv50R1q9csWtujPAZeLlpAJyNHvlr25f4pQTYTBDWgeem5gwQ8pQzMik1E01SRAeoQEJLBWIEx1ms5Mn8MQqfRhLZUsYOFN/T2SIaz3mke3kyAz1ojcV//OC1MSXYUZFkhoi8HxRnDJoJJz+D/tUEWzY2BKEFbW3QjxECmFjUyrZELzFl5eJX6teVb37s0r9Jk+jCI7AMTgFHrgAddAATeADDCR4Bq/gzTHOi/PufMxbC04+cwj+wPn8AUlpkCU=</latexit><latexit sha1_base64="pJgHUD5k6uVmaPV1eP4nz4eC6is=">AAAB8XicbVDLSsNAFJ3UV62vqks3g0VwVZKiqAuh6MIuK5i2kIYymU7aofMIMxOhhPoXblyouPVv3Pk3TtsstPXAhcM593LvPVHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUvLVGHiY8mk6kRIE0YF8Q01jHQSRRCPGGlHo9up334kSlMpHsw4ISFHA0FjipGxUsB7jWuvdv50R1q9csWtujPAZeLlpAJyNHvlr25f4pQTYTBDWgeem5gwQ8pQzMik1E01SRAeoQEJLBWIEx1ms5Mn8MQqfRhLZUsYOFN/T2SIaz3mke3kyAz1ojcV//OC1MSXYUZFkhoi8HxRnDJoJJz+D/tUEWzY2BKEFbW3QjxECmFjUyrZELzFl5eJX6teVb37s0r9Jk+jCI7AMTgFHrgAddAATeADDCR4Bq/gzTHOi/PufMxbC04+cwj+wPn8AUlpkCU=</latexit>

Gauge Hierarchy problem

Higgs Mass: Theoretical Issue



Higgs Mass: Stabilisation

Introduce a symmetry to control the radiative corrections

Lower the cut-off of the effective theory containing 
elementary scalar(extra Dimension, compositeness model)   

OR



Supersymmetry: the most elegant 
solution

Q|fermion>=|boson>

Q|boson>=|fermion>

Virtual fermions and virtual bosons contribute with opposite sign and would cancel each 
other, if for every fermions there is a boson of same mass and charge : divergence would 

cancel without any FT and in all order of perturbation theory.



Stabilising Higgs mass

Higgs mass is stable

“Gauge Hierarchy problem”
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)
<latexit sha1_base64="dpKM9zdFr3qzTKaot0rUAMv2R5s="></latexit><latexit sha1_base64="dpKM9zdFr3qzTKaot0rUAMv2R5s="></latexit><latexit sha1_base64="dpKM9zdFr3qzTKaot0rUAMv2R5s="></latexit><latexit sha1_base64="dpKM9zdFr3qzTKaot0rUAMv2R5s="></latexit>

Naturalness



Motivation: Supersymmetry 

Gauge Hierarchy problem

krzysztof.sliwa@tufts.edu NEPPSR, Craigville, August 19, 2005 26

running coupling constants in SM and MSSM models

Solid lines - SM

Dotted lines - MSSM

Unification

mEW ⇠ MW ,MZ
<latexit sha1_base64="o1zLKppDVb5jHxj9pLz9Z+rTmv4=">AAAB+3icbVBNS8NAEN3Ur1q/oj16WSyCBymJCOqtKIKXQgVjim0Im+2mXbq7CbsboYT6V7x4UPHqH/Hmv3Hb5qCtDwYe780wMy9KGVXacb6t0tLyyupaeb2ysbm1vWPv7t2rJJOYeDhhiWxHSBFGBfE01Yy0U0kQjxjxo+HVxPcfiVQ0EXd6lJKAo76gMcVIGym0qzzMr/0x7CrKYTP0j5vhQ2jXnLozBVwkbkFqoEArtL+6vQRnnAiNGVKq4zqpDnIkNcWMjCvdTJEU4SHqk46hAnGignx6/BgeGqUH40SaEhpO1d8TOeJKjXhkOjnSAzXvTcT/vE6m4/MgpyLNNBF4tijOGNQJnCQBe1QSrNnIEIQlNbdCPEASYW3yqpgQ3PmXF4l3Ur+ou7entcZlkUYZ7IMDcARccAYa4Aa0gAcwGIFn8ArerCfrxXq3PmatJauYqYI/sD5/ALjPk7c=</latexit><latexit sha1_base64="o1zLKppDVb5jHxj9pLz9Z+rTmv4=">AAAB+3icbVBNS8NAEN3Ur1q/oj16WSyCBymJCOqtKIKXQgVjim0Im+2mXbq7CbsboYT6V7x4UPHqH/Hmv3Hb5qCtDwYe780wMy9KGVXacb6t0tLyyupaeb2ysbm1vWPv7t2rJJOYeDhhiWxHSBFGBfE01Yy0U0kQjxjxo+HVxPcfiVQ0EXd6lJKAo76gMcVIGym0qzzMr/0x7CrKYTP0j5vhQ2jXnLozBVwkbkFqoEArtL+6vQRnnAiNGVKq4zqpDnIkNcWMjCvdTJEU4SHqk46hAnGignx6/BgeGqUH40SaEhpO1d8TOeJKjXhkOjnSAzXvTcT/vE6m4/MgpyLNNBF4tijOGNQJnCQBe1QSrNnIEIQlNbdCPEASYW3yqpgQ3PmXF4l3Ur+ou7entcZlkUYZ7IMDcARccAYa4Aa0gAcwGIFn8ArerCfrxXq3PmatJauYqYI/sD5/ALjPk7c=</latexit><latexit sha1_base64="o1zLKppDVb5jHxj9pLz9Z+rTmv4=">AAAB+3icbVBNS8NAEN3Ur1q/oj16WSyCBymJCOqtKIKXQgVjim0Im+2mXbq7CbsboYT6V7x4UPHqH/Hmv3Hb5qCtDwYe780wMy9KGVXacb6t0tLyyupaeb2ysbm1vWPv7t2rJJOYeDhhiWxHSBFGBfE01Yy0U0kQjxjxo+HVxPcfiVQ0EXd6lJKAo76gMcVIGym0qzzMr/0x7CrKYTP0j5vhQ2jXnLozBVwkbkFqoEArtL+6vQRnnAiNGVKq4zqpDnIkNcWMjCvdTJEU4SHqk46hAnGignx6/BgeGqUH40SaEhpO1d8TOeJKjXhkOjnSAzXvTcT/vE6m4/MgpyLNNBF4tijOGNQJnCQBe1QSrNnIEIQlNbdCPEASYW3yqpgQ3PmXF4l3Ur+ou7entcZlkUYZ7IMDcARccAYa4Aa0gAcwGIFn8ArerCfrxXq3PmatJauYqYI/sD5/ALjPk7c=</latexit><latexit sha1_base64="o1zLKppDVb5jHxj9pLz9Z+rTmv4=">AAAB+3icbVBNS8NAEN3Ur1q/oj16WSyCBymJCOqtKIKXQgVjim0Im+2mXbq7CbsboYT6V7x4UPHqH/Hmv3Hb5qCtDwYe780wMy9KGVXacb6t0tLyyupaeb2ysbm1vWPv7t2rJJOYeDhhiWxHSBFGBfE01Yy0U0kQjxjxo+HVxPcfiVQ0EXd6lJKAo76gMcVIGym0qzzMr/0x7CrKYTP0j5vhQ2jXnLozBVwkbkFqoEArtL+6vQRnnAiNGVKq4zqpDnIkNcWMjCvdTJEU4SHqk46hAnGignx6/BgeGqUH40SaEhpO1d8TOeJKjXhkOjnSAzXvTcT/vE6m4/MgpyLNNBF4tijOGNQJnCQBe1QSrNnIEIQlNbdCPEASYW3yqpgQ3PmXF4l3Ur+ou7entcZlkUYZ7IMDcARccAYa4Aa0gAcwGIFn8ArerCfrxXq3PmatJauYqYI/sD5/ALjPk7c=</latexit>

mpl ⇠ 1019GeV
<latexit sha1_base64="v8j7dBnSfAZQ7JxT8QZnqBWzW3Q=">AAAB/3icbVBNS8NAEN34WetX1IMHL4tF8FQSEbS3ogc9VjBtoY1hs520S3eTsLsRSsjFv+LFg4pX/4Y3/43bj4O2Phh4vDfDzLww5Uxpx/m2lpZXVtfWSxvlza3tnV17b7+pkkxS8GjCE9kOiQLOYvA00xzaqQQiQg6tcHg99luPIBVL4ns9SsEXpB+ziFGijRTYhyLIU17grmICu85D7tYKfAPNwK44VWcCvEjcGamgGRqB/dXtJTQTEGvKiVId10m1nxOpGeVQlLuZgpTQIelDx9CYCFB+PnmgwCdG6eEokaZijSfq74mcCKVGIjSdguiBmvfG4n9eJ9PRpZ+zOM00xHS6KMo41gkep4F7TALVfGQIoZKZWzEdEEmoNpmVTQju/MuLxDur1qru3XmlfjVLo4SO0DE6RS66QHV0ixrIQxQV6Bm9ojfryXqx3q2PaeuSNZs5QH9gff4AZTiVLQ==</latexit><latexit sha1_base64="v8j7dBnSfAZQ7JxT8QZnqBWzW3Q=">AAAB/3icbVBNS8NAEN34WetX1IMHL4tF8FQSEbS3ogc9VjBtoY1hs520S3eTsLsRSsjFv+LFg4pX/4Y3/43bj4O2Phh4vDfDzLww5Uxpx/m2lpZXVtfWSxvlza3tnV17b7+pkkxS8GjCE9kOiQLOYvA00xzaqQQiQg6tcHg99luPIBVL4ns9SsEXpB+ziFGijRTYhyLIU17grmICu85D7tYKfAPNwK44VWcCvEjcGamgGRqB/dXtJTQTEGvKiVId10m1nxOpGeVQlLuZgpTQIelDx9CYCFB+PnmgwCdG6eEokaZijSfq74mcCKVGIjSdguiBmvfG4n9eJ9PRpZ+zOM00xHS6KMo41gkep4F7TALVfGQIoZKZWzEdEEmoNpmVTQju/MuLxDur1qru3XmlfjVLo4SO0DE6RS66QHV0ixrIQxQV6Bm9ojfryXqx3q2PaeuSNZs5QH9gff4AZTiVLQ==</latexit><latexit sha1_base64="v8j7dBnSfAZQ7JxT8QZnqBWzW3Q=">AAAB/3icbVBNS8NAEN34WetX1IMHL4tF8FQSEbS3ogc9VjBtoY1hs520S3eTsLsRSsjFv+LFg4pX/4Y3/43bj4O2Phh4vDfDzLww5Uxpx/m2lpZXVtfWSxvlza3tnV17b7+pkkxS8GjCE9kOiQLOYvA00xzaqQQiQg6tcHg99luPIBVL4ns9SsEXpB+ziFGijRTYhyLIU17grmICu85D7tYKfAPNwK44VWcCvEjcGamgGRqB/dXtJTQTEGvKiVId10m1nxOpGeVQlLuZgpTQIelDx9CYCFB+PnmgwCdG6eEokaZijSfq74mcCKVGIjSdguiBmvfG4n9eJ9PRpZ+zOM00xHS6KMo41gkep4F7TALVfGQIoZKZWzEdEEmoNpmVTQju/MuLxDur1qru3XmlfjVLo4SO0DE6RS66QHV0ixrIQxQV6Bm9ojfryXqx3q2PaeuSNZs5QH9gff4AZTiVLQ==</latexit><latexit sha1_base64="v8j7dBnSfAZQ7JxT8QZnqBWzW3Q=">AAAB/3icbVBNS8NAEN34WetX1IMHL4tF8FQSEbS3ogc9VjBtoY1hs520S3eTsLsRSsjFv+LFg4pX/4Y3/43bj4O2Phh4vDfDzLww5Uxpx/m2lpZXVtfWSxvlza3tnV17b7+pkkxS8GjCE9kOiQLOYvA00xzaqQQiQg6tcHg99luPIBVL4ns9SsEXpB+ziFGijRTYhyLIU17grmICu85D7tYKfAPNwK44VWcCvEjcGamgGRqB/dXtJTQTEGvKiVId10m1nxOpGeVQlLuZgpTQIelDx9CYCFB+PnmgwCdG6eEokaZijSfq74mcCKVGIjSdguiBmvfG4n9eJ9PRpZ+zOM00xHS6KMo41gkep4F7TALVfGQIoZKZWzEdEEmoNpmVTQju/MuLxDur1qru3XmlfjVLo4SO0DE6RS66QHV0ixrIQxQV6Bm9ojfryXqx3q2PaeuSNZs5QH9gff4AZTiVLQ==</latexit>

Dark matter candidate : Neutralino, Gravitino..



Supsersymmetry: Particle Spectrum

SM + SM + 2 Higgs Doublet

Quarks,Leptons 

Q|fermion, bosons>=|bosons, fermions>

Squarks, sleptons 

Gluons, W, Z, photons Gluinos, Charginos, 
Neutralinos

H1, H2
<latexit sha1_base64="vFciof5U6yCACdw6okmXfvOVZK4=">AAAB8XicbVBNT8JAEN36ifiFevSyEUw8GNJyUW9ELxwxsUJSmma7bGHDdrfZnZoQws/w4kGNV/+NN/+NC/Sg4EsmeXlvJjPz4kxwA6777aytb2xubZd2yrt7+weHlaPjR6NyTZlPlVC6GxPDBJfMBw6CdTPNSBoL1olHdzO/88S04Uo+wDhjYUoGkiecErBSUGtF3iVuRQ1ciypVt+7OgVeJV5AqKtCOKl+9vqJ5yiRQQYwJPDeDcEI0cCrYtNzLDcsIHZEBCyyVJGUmnMxPnuJzq/RxorQtCXiu/p6YkNSYcRrbzpTA0Cx7M/E/L8ghuQ4nXGY5MEkXi5JcYFB49j/uc80oiLElhGpub8V0SDShYFMq2xC85ZdXid+o39S9+0a1eVukUUKn6AxdIA9doSZqoTbyEUUKPaNX9OaA8+K8Ox+L1jWnmDlBf+B8/gC7Yo8f</latexit><latexit sha1_base64="vFciof5U6yCACdw6okmXfvOVZK4=">AAAB8XicbVBNT8JAEN36ifiFevSyEUw8GNJyUW9ELxwxsUJSmma7bGHDdrfZnZoQws/w4kGNV/+NN/+NC/Sg4EsmeXlvJjPz4kxwA6777aytb2xubZd2yrt7+weHlaPjR6NyTZlPlVC6GxPDBJfMBw6CdTPNSBoL1olHdzO/88S04Uo+wDhjYUoGkiecErBSUGtF3iVuRQ1ciypVt+7OgVeJV5AqKtCOKl+9vqJ5yiRQQYwJPDeDcEI0cCrYtNzLDcsIHZEBCyyVJGUmnMxPnuJzq/RxorQtCXiu/p6YkNSYcRrbzpTA0Cx7M/E/L8ghuQ4nXGY5MEkXi5JcYFB49j/uc80oiLElhGpub8V0SDShYFMq2xC85ZdXid+o39S9+0a1eVukUUKn6AxdIA9doSZqoTbyEUUKPaNX9OaA8+K8Ox+L1jWnmDlBf+B8/gC7Yo8f</latexit><latexit sha1_base64="vFciof5U6yCACdw6okmXfvOVZK4=">AAAB8XicbVBNT8JAEN36ifiFevSyEUw8GNJyUW9ELxwxsUJSmma7bGHDdrfZnZoQws/w4kGNV/+NN/+NC/Sg4EsmeXlvJjPz4kxwA6777aytb2xubZd2yrt7+weHlaPjR6NyTZlPlVC6GxPDBJfMBw6CdTPNSBoL1olHdzO/88S04Uo+wDhjYUoGkiecErBSUGtF3iVuRQ1ciypVt+7OgVeJV5AqKtCOKl+9vqJ5yiRQQYwJPDeDcEI0cCrYtNzLDcsIHZEBCyyVJGUmnMxPnuJzq/RxorQtCXiu/p6YkNSYcRrbzpTA0Cx7M/E/L8ghuQ4nXGY5MEkXi5JcYFB49j/uc80oiLElhGpub8V0SDShYFMq2xC85ZdXid+o39S9+0a1eVukUUKn6AxdIA9doSZqoTbyEUUKPaNX9OaA8+K8Ox+L1jWnmDlBf+B8/gC7Yo8f</latexit><latexit sha1_base64="vFciof5U6yCACdw6okmXfvOVZK4=">AAAB8XicbVBNT8JAEN36ifiFevSyEUw8GNJyUW9ELxwxsUJSmma7bGHDdrfZnZoQws/w4kGNV/+NN/+NC/Sg4EsmeXlvJjPz4kxwA6777aytb2xubZd2yrt7+weHlaPjR6NyTZlPlVC6GxPDBJfMBw6CdTPNSBoL1olHdzO/88S04Uo+wDhjYUoGkiecErBSUGtF3iVuRQ1ciypVt+7OgVeJV5AqKtCOKl+9vqJ5yiRQQYwJPDeDcEI0cCrYtNzLDcsIHZEBCyyVJGUmnMxPnuJzq/RxorQtCXiu/p6YkNSYcRrbzpTA0Cx7M/E/L8ghuQ4nXGY5MEkXi5JcYFB49j/uc80oiLElhGpub8V0SDShYFMq2xC85ZdXid+o39S9+0a1eVukUUKn6AxdIA9doSZqoTbyEUUKPaNX9OaA8+K8Ox+L1jWnmDlBf+B8/gC7Yo8f</latexit>

h,H,A,H+, H�
<latexit sha1_base64="OmN8u9s6F3Ef3fVdBACYT4aSt0U=">AAAB/HicbVDLTgIxFL2DL8TX+Ni5aQQTE5HMsFF3qBuWmDhCAgPplAINnUfajglOiL/ixoUat36IO//GArNQ8CT35uSce9Pb40WcSWVZ30ZmaXlldS27ntvY3NreMXf37mUYC0IdEvJQNDwsKWcBdRRTnDYiQbHvcVr3hjcTv/5AhWRhcKdGEXV93A9YjxGstNQxDwqDIqoW0ZXu7VNUrLbPUKFj5q2SNQVaJHZK8pCi1jG/Wt2QxD4NFOFYyqZtRcpNsFCMcDrOtWJJI0yGuE+bmgbYp9JNpteP0bFWuqgXCl2BQlP190aCfSlHvqcnfawGct6biP95zVj1LtyEBVGsaEBmD/VijlSIJlGgLhOUKD7SBBPB9K2IDLDAROnAcjoEe/7Li8Qply5L9m05X7lO08jCIRzBCdhwDhWoQg0cIPAIz/AKb8aT8WK8Gx+z0YyR7uzDHxifP03SkXI=</latexit><latexit sha1_base64="OmN8u9s6F3Ef3fVdBACYT4aSt0U=">AAAB/HicbVDLTgIxFL2DL8TX+Ni5aQQTE5HMsFF3qBuWmDhCAgPplAINnUfajglOiL/ixoUat36IO//GArNQ8CT35uSce9Pb40WcSWVZ30ZmaXlldS27ntvY3NreMXf37mUYC0IdEvJQNDwsKWcBdRRTnDYiQbHvcVr3hjcTv/5AhWRhcKdGEXV93A9YjxGstNQxDwqDIqoW0ZXu7VNUrLbPUKFj5q2SNQVaJHZK8pCi1jG/Wt2QxD4NFOFYyqZtRcpNsFCMcDrOtWJJI0yGuE+bmgbYp9JNpteP0bFWuqgXCl2BQlP190aCfSlHvqcnfawGct6biP95zVj1LtyEBVGsaEBmD/VijlSIJlGgLhOUKD7SBBPB9K2IDLDAROnAcjoEe/7Li8Qply5L9m05X7lO08jCIRzBCdhwDhWoQg0cIPAIz/AKb8aT8WK8Gx+z0YyR7uzDHxifP03SkXI=</latexit><latexit sha1_base64="OmN8u9s6F3Ef3fVdBACYT4aSt0U=">AAAB/HicbVDLTgIxFL2DL8TX+Ni5aQQTE5HMsFF3qBuWmDhCAgPplAINnUfajglOiL/ixoUat36IO//GArNQ8CT35uSce9Pb40WcSWVZ30ZmaXlldS27ntvY3NreMXf37mUYC0IdEvJQNDwsKWcBdRRTnDYiQbHvcVr3hjcTv/5AhWRhcKdGEXV93A9YjxGstNQxDwqDIqoW0ZXu7VNUrLbPUKFj5q2SNQVaJHZK8pCi1jG/Wt2QxD4NFOFYyqZtRcpNsFCMcDrOtWJJI0yGuE+bmgbYp9JNpteP0bFWuqgXCl2BQlP190aCfSlHvqcnfawGct6biP95zVj1LtyEBVGsaEBmD/VijlSIJlGgLhOUKD7SBBPB9K2IDLDAROnAcjoEe/7Li8Qply5L9m05X7lO08jCIRzBCdhwDhWoQg0cIPAIz/AKb8aT8WK8Gx+z0YyR7uzDHxifP03SkXI=</latexit><latexit sha1_base64="OmN8u9s6F3Ef3fVdBACYT4aSt0U=">AAAB/HicbVDLTgIxFL2DL8TX+Ni5aQQTE5HMsFF3qBuWmDhCAgPplAINnUfajglOiL/ixoUat36IO//GArNQ8CT35uSce9Pb40WcSWVZ30ZmaXlldS27ntvY3NreMXf37mUYC0IdEvJQNDwsKWcBdRRTnDYiQbHvcVr3hjcTv/5AhWRhcKdGEXV93A9YjxGstNQxDwqDIqoW0ZXu7VNUrLbPUKFj5q2SNQVaJHZK8pCi1jG/Wt2QxD4NFOFYyqZtRcpNsFCMcDrOtWJJI0yGuE+bmgbYp9JNpteP0bFWuqgXCl2BQlP190aCfSlHvqcnfawGct6biP95zVj1LtyEBVGsaEBmD/VijlSIJlGgLhOUKD7SBBPB9K2IDLDAROnAcjoEe/7Li8Qply5L9m05X7lO08jCIRzBCdhwDhWoQg0cIPAIz/AKb8aT8WK8Gx+z0YyR7uzDHxifP03SkXI=</latexit>

Minimal Supersymmetric Standard Model(MSSM)

H1, H2, S
<latexit sha1_base64="BmSudVnLXAC1HkbPVXMhsX3LBa4=">AAAB9HicbVBNT8JAEJ36ifiFevSyEUw8ENJyUW9ELxwxWiGB2myXLWzYbpvdrYY0/A8vHtR49cd489+4QA8KvmSSl/dmMjMvSDhT2ra/rZXVtfWNzcJWcXtnd2+/dHB4r+JUEuqSmMeyE2BFORPU1Uxz2kkkxVHAaTsYXU/99iOVisXiTo8T6kV4IFjICNZGeqg0faeKmn69im5RxS+V7Zo9A1omTk7KkKPll756/ZikERWacKxU17ET7WVYakY4nRR7qaIJJiM8oF1DBY6o8rLZ1RN0apQ+CmNpSmg0U39PZDhSahwFpjPCeqgWvan4n9dNdXjhZUwkqaaCzBeFKUc6RtMIUJ9JSjQfG4KJZOZWRIZYYqJNUEUTgrP48jJx67XLmnNTLzeu8jQKcAwncAYOnEMDmtACFwhIeIZXeLOerBfr3fqYt65Y+cwR/IH1+QMi4Y/c</latexit><latexit sha1_base64="BmSudVnLXAC1HkbPVXMhsX3LBa4=">AAAB9HicbVBNT8JAEJ36ifiFevSyEUw8ENJyUW9ELxwxWiGB2myXLWzYbpvdrYY0/A8vHtR49cd489+4QA8KvmSSl/dmMjMvSDhT2ra/rZXVtfWNzcJWcXtnd2+/dHB4r+JUEuqSmMeyE2BFORPU1Uxz2kkkxVHAaTsYXU/99iOVisXiTo8T6kV4IFjICNZGeqg0faeKmn69im5RxS+V7Zo9A1omTk7KkKPll756/ZikERWacKxU17ET7WVYakY4nRR7qaIJJiM8oF1DBY6o8rLZ1RN0apQ+CmNpSmg0U39PZDhSahwFpjPCeqgWvan4n9dNdXjhZUwkqaaCzBeFKUc6RtMIUJ9JSjQfG4KJZOZWRIZYYqJNUEUTgrP48jJx67XLmnNTLzeu8jQKcAwncAYOnEMDmtACFwhIeIZXeLOerBfr3fqYt65Y+cwR/IH1+QMi4Y/c</latexit><latexit sha1_base64="BmSudVnLXAC1HkbPVXMhsX3LBa4=">AAAB9HicbVBNT8JAEJ36ifiFevSyEUw8ENJyUW9ELxwxWiGB2myXLWzYbpvdrYY0/A8vHtR49cd489+4QA8KvmSSl/dmMjMvSDhT2ra/rZXVtfWNzcJWcXtnd2+/dHB4r+JUEuqSmMeyE2BFORPU1Uxz2kkkxVHAaTsYXU/99iOVisXiTo8T6kV4IFjICNZGeqg0faeKmn69im5RxS+V7Zo9A1omTk7KkKPll756/ZikERWacKxU17ET7WVYakY4nRR7qaIJJiM8oF1DBY6o8rLZ1RN0apQ+CmNpSmg0U39PZDhSahwFpjPCeqgWvan4n9dNdXjhZUwkqaaCzBeFKUc6RtMIUJ9JSjQfG4KJZOZWRIZYYqJNUEUTgrP48jJx67XLmnNTLzeu8jQKcAwncAYOnEMDmtACFwhIeIZXeLOerBfr3fqYt65Y+cwR/IH1+QMi4Y/c</latexit><latexit sha1_base64="BmSudVnLXAC1HkbPVXMhsX3LBa4=">AAAB9HicbVBNT8JAEJ36ifiFevSyEUw8ENJyUW9ELxwxWiGB2myXLWzYbpvdrYY0/A8vHtR49cd489+4QA8KvmSSl/dmMjMvSDhT2ra/rZXVtfWNzcJWcXtnd2+/dHB4r+JUEuqSmMeyE2BFORPU1Uxz2kkkxVHAaTsYXU/99iOVisXiTo8T6kV4IFjICNZGeqg0faeKmn69im5RxS+V7Zo9A1omTk7KkKPll756/ZikERWacKxU17ET7WVYakY4nRR7qaIJJiM8oF1DBY6o8rLZ1RN0apQ+CmNpSmg0U39PZDhSahwFpjPCeqgWvan4n9dNdXjhZUwkqaaCzBeFKUc6RtMIUJ9JSjQfG4KJZOZWRIZYYqJNUEUTgrP48jJx67XLmnNTLzeu8jQKcAwncAYOnEMDmtACFwhIeIZXeLOerBfr3fqYt65Y+cwR/IH1+QMi4Y/c</latexit>

H1, H2, H3, A1, A2, H
+, H�

<latexit sha1_base64="4l0xwD9vy+ZY+kuIPbuWzmcZEcs=">AAACC3icbVBNT8JAEN3iF+IX6tHLRjAxEUmLB/UGeuGIiRUSqM122cKG7bbZ3ZoQwg/w4l/x4kGNV/+AN/+N29KDgpPs5M2bN5md50WMSmWa30ZuaXlldS2/XtjY3NreKe7u3ckwFpjYOGSh6HhIEkY5sRVVjHQiQVDgMdL2RtdJv/1AhKQhv1XjiDgBGnDqU4yUptxiqdx0rQpsurUknVVgIykbaXl/kqTTslaZVTMNuAisDJRAFi23+NXrhzgOCFeYISm7lhkpZ4KEopiRaaEXSxIhPEID0tWQo4BIZ5IeM4VHmulDPxT6cQVT9vfEBAVSjgNPKwOkhnK+l5D/9bqx8i+cCeVRrAjHs0V+zKAKYeIM7FNBsGJjDRAWVP8V4iESCCvtX0GbYM2fvAjsWvWyat3USvWrzI08OACH4BhY4BzUQRO0gA0weATP4BW8GU/Gi/FufMykOSOb2Qd/wvj8AXZIlb0=</latexit><latexit sha1_base64="4l0xwD9vy+ZY+kuIPbuWzmcZEcs=">AAACC3icbVBNT8JAEN3iF+IX6tHLRjAxEUmLB/UGeuGIiRUSqM122cKG7bbZ3ZoQwg/w4l/x4kGNV/+AN/+N29KDgpPs5M2bN5md50WMSmWa30ZuaXlldS2/XtjY3NreKe7u3ckwFpjYOGSh6HhIEkY5sRVVjHQiQVDgMdL2RtdJv/1AhKQhv1XjiDgBGnDqU4yUptxiqdx0rQpsurUknVVgIykbaXl/kqTTslaZVTMNuAisDJRAFi23+NXrhzgOCFeYISm7lhkpZ4KEopiRaaEXSxIhPEID0tWQo4BIZ5IeM4VHmulDPxT6cQVT9vfEBAVSjgNPKwOkhnK+l5D/9bqx8i+cCeVRrAjHs0V+zKAKYeIM7FNBsGJjDRAWVP8V4iESCCvtX0GbYM2fvAjsWvWyat3USvWrzI08OACH4BhY4BzUQRO0gA0weATP4BW8GU/Gi/FufMykOSOb2Qd/wvj8AXZIlb0=</latexit><latexit sha1_base64="4l0xwD9vy+ZY+kuIPbuWzmcZEcs=">AAACC3icbVBNT8JAEN3iF+IX6tHLRjAxEUmLB/UGeuGIiRUSqM122cKG7bbZ3ZoQwg/w4l/x4kGNV/+AN/+N29KDgpPs5M2bN5md50WMSmWa30ZuaXlldS2/XtjY3NreKe7u3ckwFpjYOGSh6HhIEkY5sRVVjHQiQVDgMdL2RtdJv/1AhKQhv1XjiDgBGnDqU4yUptxiqdx0rQpsurUknVVgIykbaXl/kqTTslaZVTMNuAisDJRAFi23+NXrhzgOCFeYISm7lhkpZ4KEopiRaaEXSxIhPEID0tWQo4BIZ5IeM4VHmulDPxT6cQVT9vfEBAVSjgNPKwOkhnK+l5D/9bqx8i+cCeVRrAjHs0V+zKAKYeIM7FNBsGJjDRAWVP8V4iESCCvtX0GbYM2fvAjsWvWyat3USvWrzI08OACH4BhY4BzUQRO0gA0weATP4BW8GU/Gi/FufMykOSOb2Qd/wvj8AXZIlb0=</latexit><latexit sha1_base64="4l0xwD9vy+ZY+kuIPbuWzmcZEcs=">AAACC3icbVBNT8JAEN3iF+IX6tHLRjAxEUmLB/UGeuGIiRUSqM122cKG7bbZ3ZoQwg/w4l/x4kGNV/+AN/+N29KDgpPs5M2bN5md50WMSmWa30ZuaXlldS2/XtjY3NreKe7u3ckwFpjYOGSh6HhIEkY5sRVVjHQiQVDgMdL2RtdJv/1AhKQhv1XjiDgBGnDqU4yUptxiqdx0rQpsurUknVVgIykbaXl/kqTTslaZVTMNuAisDJRAFi23+NXrhzgOCFeYISm7lhkpZ4KEopiRaaEXSxIhPEID0tWQo4BIZ5IeM4VHmulDPxT6cQVT9vfEBAVSjgNPKwOkhnK+l5D/9bqx8i+cCeVRrAjHs0V+zKAKYeIM7FNBsGJjDRAWVP8V4iESCCvtX0GbYM2fvAjsWvWyat3USvWrzI08OACH4BhY4BzUQRO0gA0weATP4BW8GU/Gi/FufMykOSOb2Qd/wvj8AXZIlb0=</latexit>

Next to MSSM
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5 Higgsses



Supersymmetry: Model

100+ free parameters 

No prediction of super particle masses, Higgs mass calculable 

SUSY is not exact symmetry 

Soft breaking SUGRA, AMSB, GMSB…

Stabilisation of  Higgs mass Mass range of sparticles
Naturalness

Constrained by Flavour Physics experiments
Talk by A. Kundu.



Naturalness
SUSY at the EW scale is motivated by solving gauge hierarchy problem 
Natural electroweak symmetry breaking is the leading motivation
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Contribution to the right must be tuned against each other 
to achieve electroweak symmetry breaking at the observed scale.  

Should not be very high ~ Higgsino like scenario.

 Stop and gluino masses  should not be very heavy

µ
<latexit sha1_base64="4gKXeKCsX1vyOKbp7bFqnAUjKkk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjxGdE0gWcLsZDYZMjO7zEMISz7BiwcVr/6RN//GSbIHTSxoKKq66e6KM8608f1vr7Syura+Ud6sbG3v7O5V9w8edWoVoSFJearaMdaUM0lDwwyn7UxRLGJOW/HoZuq3nqjSLJUPZpzRSOCBZAkj2Djpvitsr1rz6/4MaJkEBalBgWav+tXtp8QKKg3hWOtO4GcmyrEyjHA6qXStphkmIzygHUclFlRH+ezUCTpxSh8lqXIlDZqpvydyLLQei9h1CmyGetGbiv95HWuSyyhnMrOGSjJflFiOTIqmf6M+U5QYPnYEE8XcrYgMscLEuHQqLoRg8eVlEp7Vr+rB3XmtcV2kUYYjOIZTCOACGnALTQiBwACe4RXePO69eO/ex7y15BUzh/AH3ucPyu2Nqg==</latexit><latexit sha1_base64="4gKXeKCsX1vyOKbp7bFqnAUjKkk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjxGdE0gWcLsZDYZMjO7zEMISz7BiwcVr/6RN//GSbIHTSxoKKq66e6KM8608f1vr7Syura+Ud6sbG3v7O5V9w8edWoVoSFJearaMdaUM0lDwwyn7UxRLGJOW/HoZuq3nqjSLJUPZpzRSOCBZAkj2Djpvitsr1rz6/4MaJkEBalBgWav+tXtp8QKKg3hWOtO4GcmyrEyjHA6qXStphkmIzygHUclFlRH+ezUCTpxSh8lqXIlDZqpvydyLLQei9h1CmyGetGbiv95HWuSyyhnMrOGSjJflFiOTIqmf6M+U5QYPnYEE8XcrYgMscLEuHQqLoRg8eVlEp7Vr+rB3XmtcV2kUYYjOIZTCOACGnALTQiBwACe4RXePO69eO/ex7y15BUzh/AH3ucPyu2Nqg==</latexit><latexit sha1_base64="4gKXeKCsX1vyOKbp7bFqnAUjKkk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjxGdE0gWcLsZDYZMjO7zEMISz7BiwcVr/6RN//GSbIHTSxoKKq66e6KM8608f1vr7Syura+Ud6sbG3v7O5V9w8edWoVoSFJearaMdaUM0lDwwyn7UxRLGJOW/HoZuq3nqjSLJUPZpzRSOCBZAkj2Djpvitsr1rz6/4MaJkEBalBgWav+tXtp8QKKg3hWOtO4GcmyrEyjHA6qXStphkmIzygHUclFlRH+ezUCTpxSh8lqXIlDZqpvydyLLQei9h1CmyGetGbiv95HWuSyyhnMrOGSjJflFiOTIqmf6M+U5QYPnYEE8XcrYgMscLEuHQqLoRg8eVlEp7Vr+rB3XmtcV2kUYYjOIZTCOACGnALTQiBwACe4RXePO69eO/ex7y15BUzh/AH3ucPyu2Nqg==</latexit><latexit sha1_base64="4gKXeKCsX1vyOKbp7bFqnAUjKkk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXjxGdE0gWcLsZDYZMjO7zEMISz7BiwcVr/6RN//GSbIHTSxoKKq66e6KM8608f1vr7Syura+Ud6sbG3v7O5V9w8edWoVoSFJearaMdaUM0lDwwyn7UxRLGJOW/HoZuq3nqjSLJUPZpzRSOCBZAkj2Djpvitsr1rz6/4MaJkEBalBgWav+tXtp8QKKg3hWOtO4GcmyrEyjHA6qXStphkmIzygHUclFlRH+ezUCTpxSh8lqXIlDZqpvydyLLQei9h1CmyGetGbiv95HWuSyyhnMrOGSjJflFiOTIqmf6M+U5QYPnYEE8XcrYgMscLEuHQqLoRg8eVlEp7Vr+rB3XmtcV2kUYYjOIZTCOACGnALTQiBwACe4RXePO69eO/ex7y15BUzh/AH3ucPyu2Nqg==</latexit>



Supeersymmetry:  Naturalness(2)
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Measure of Naturalness
Barbieri, Giudice, 1988
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theory, a, is [61, 62]
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By minimising the weak scale potential at large tan � we find
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where m2

Hu
is the soft mass for the up-type Higgs which includes all radiative corrections. Let us consider

the tree-level contribution from the µ-term, along with the one-loop contributions from stop squarks and
the winos, and the two-loop contribution from gluinos, which are given by
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where ⇤ is a UV-cutoff at which the full UV-completion of supersymmetry kicks in, and the last term may
be inserted into the first to obtain an estimate of the tuning from gluinos. Conservatively taking ⇤ = 10

TeV we arrive at the following expectations for a theory which is only tuned at the 10% level [63]:

µ . 200 GeV , m
˜t . 400 GeV , mfW . 1 TeV , mg̃ . 800 GeV , (7)

This picture is clearly at odds with the stop mass values required to achieve the observed Higgs mass
in the MSSM, shown in Fig. 3. However it may be that non-minimal structure beyond the MSSM lifts
the Higgs mass without requiring large stop masses, thus this constraint is not too significant. More
importantly, current constraints on the Higgs boson couplings, which would typically be modified if
the stop squarks were light, already place stringent constraints on light stop scenarios. Furthermore,
direct searches for stops and gluinos, already show that significant portions of this parameter space are in
tension with LHC 8 TeV data (for a thorough overview see [63]). Finally, in many (but not all) concrete
scenarios it is expected that the first two generation squarks should not be significantly heavier than the
stop squarks and, as the production cross section is enhanced due to valence quarks in the initial state,
constraints on first two generation squarks are very strong, indirectly placing strong constraints on the
naturalness of many supersymmetric theories.

Where do these strong constraints leave the supersymmetric solution to the hierarchy problem?
As we are on the brink of a paradigm shift in our understanding of electroweak naturalness a number of
possibilities are plausible.

It could be that the weak scale is meso-tuned, as in Mini-Split supersymmetry, and the æsthetic
motivations for supersymmetry as a new spacetime symmetry are justified, whereas the naturalness ar-
guments were misguided, to at least some degree, since supersymmetry does solve the big hierarchy
problem and we are instead left with a relatively small tuning of the weak scale up to energies as high
as O(10

8

) TeV. This scenario is in some sense quite successful. A fundamental Higgs boson of mass
mh . 135 GeV is predicted, gauge coupling unification and successful dark matter candidates are real-
ized, all at the cost of accepting some meso-tuning. Although not necessarily guaranteed, the gauginos
should be below mass scales of ⇠ O(few TeV), mostly driven by the dark matter requirement.

Another possibility which has only recently been explored is that the Mini-Split spectrum is re-
alized in nature, with all of the above successes, however the theory is not actually tuned due to a
hidden dynamical mechanism which renders the hierarchy from the weak scale to the soft mass scale
natural [64]. This can be achieved by employing the cosmological relaxation mechanism of [65] in a
supersymmetric context. In this case both the æsthetic arguments for supersymmetry and the naturalness
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theory, a, is [61, 62]
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By minimising the weak scale potential at large tan � we find
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Hu
+ |µ|2) , (3)

where m2

Hu
is the soft mass for the up-type Higgs which includes all radiative corrections. Let us consider

the tree-level contribution from the µ-term, along with the one-loop contributions from stop squarks and
the winos, and the two-loop contribution from gluinos, which are given by
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where ⇤ is a UV-cutoff at which the full UV-completion of supersymmetry kicks in, and the last term may
be inserted into the first to obtain an estimate of the tuning from gluinos. Conservatively taking ⇤ = 10

TeV we arrive at the following expectations for a theory which is only tuned at the 10% level [63]:

µ . 200 GeV , m
˜t . 400 GeV , mfW . 1 TeV , mg̃ . 800 GeV , (7)

This picture is clearly at odds with the stop mass values required to achieve the observed Higgs mass
in the MSSM, shown in Fig. 3. However it may be that non-minimal structure beyond the MSSM lifts
the Higgs mass without requiring large stop masses, thus this constraint is not too significant. More
importantly, current constraints on the Higgs boson couplings, which would typically be modified if
the stop squarks were light, already place stringent constraints on light stop scenarios. Furthermore,
direct searches for stops and gluinos, already show that significant portions of this parameter space are in
tension with LHC 8 TeV data (for a thorough overview see [63]). Finally, in many (but not all) concrete
scenarios it is expected that the first two generation squarks should not be significantly heavier than the
stop squarks and, as the production cross section is enhanced due to valence quarks in the initial state,
constraints on first two generation squarks are very strong, indirectly placing strong constraints on the
naturalness of many supersymmetric theories.

Where do these strong constraints leave the supersymmetric solution to the hierarchy problem?
As we are on the brink of a paradigm shift in our understanding of electroweak naturalness a number of
possibilities are plausible.

It could be that the weak scale is meso-tuned, as in Mini-Split supersymmetry, and the æsthetic
motivations for supersymmetry as a new spacetime symmetry are justified, whereas the naturalness ar-
guments were misguided, to at least some degree, since supersymmetry does solve the big hierarchy
problem and we are instead left with a relatively small tuning of the weak scale up to energies as high
as O(10

8

) TeV. This scenario is in some sense quite successful. A fundamental Higgs boson of mass
mh . 135 GeV is predicted, gauge coupling unification and successful dark matter candidates are real-
ized, all at the cost of accepting some meso-tuning. Although not necessarily guaranteed, the gauginos
should be below mass scales of ⇠ O(few TeV), mostly driven by the dark matter requirement.

Another possibility which has only recently been explored is that the Mini-Split spectrum is re-
alized in nature, with all of the above successes, however the theory is not actually tuned due to a
hidden dynamical mechanism which renders the hierarchy from the weak scale to the soft mass scale
natural [64]. This can be achieved by employing the cosmological relaxation mechanism of [65] in a
supersymmetric context. In this case both the æsthetic arguments for supersymmetry and the naturalness
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�EW =
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~ few TeV Beyond the reach of current LHC

⇤ = 10 TeV
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Dark matter: Sparticle masses
Supersymmetry provides an excellent WIMP candidate 
 for DM, when lightest Neutralino  is the DM candidate.

For mixed Bino-Higgsino LSP 
For mixed Wino like LSP 

Upper bound on Masses

Beyond the sensitivity of current LHC.



Supersymmetry @ LHC



Sparticle production @ LHC
pp ! gg, qq ! g̃g̃, g̃q̃, q̃q̃, t̃1t̃1, �̃�̃
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Figure 1: NLO+NLL production cross sections for the case of equal degenerate squark and gluino masses as a
function of mass at

√
s = 13 TeV.
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Figure 2: NLO+NLL production cross sections for the case of equal degenerate squark and gluino masses as a
function of mass at

√
s = 14 TeV.
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Sparticle Production and Decay

Leptons+jets+b jets + tau jets+photon+MET
Tracks, Displaced vertex etc..



SUSY signals in Colliders
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SUSY signal 
Signal sensitivity depends
• Production cross sections
• Branching Ratio, couplings
• Mass difference between daughter and parent
                   Experimental conditions
• Energy, Luminosity
• Triggering events
• Detector acceptance, Resolution etc.
• Understanding Backgrounds, very important
 cross sections 10^3  to 10^6 pb 



SUSY signal 
Signal sensitivity depends
• Production cross sections
• Branching Ratio, couplings
• Mass difference between daughter and parent
                   Experimental conditions
• Energy, Luminosity
• Triggering events
• Detector acceptance, Resolution etc.
• Understanding Backgrounds, very important
 cross sections 10^3  to 10^6 pb 

No EXCESS found. 
Masses are excluded in SMS model. 



Gluino@ 13 TeV LHC
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Limits are not absolute, very sensitive to LSP mass, 
In particular in compressed scenario.



3 Third Generation

Three new third-generation summary plots are included here. They show a summary of stop decays
with di�erent electroweakino configurations, and di�erent sbottom limits for di�erent decay modes and
branching fractions.
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Figure 5: Exclusion limits at 95% CL in the (lightest stop, lightest neutralino) mass plane for direct stop production.
Di�erent assumptions regarding the lightest (LSP) and next to lightest supersymmetric particle (NLSP) are shown. In
the wino model, the wino mass eigenstates ( �̃±1 , �̃0

2) are twice as heavy as the bino. The results are shown separately
for a positive and a negative higgsino mass parameter (µ > 0 and µ < 0), as this influences the �̃0

2 decay branching
ratios. The pure wino limit from the ATLAS electroweak jigsaw analysis is also shown in yellow for the same
hypothesis on the wino mass eigenstates. The higgsino LSP scenario assumes a mass-splitting amongst the higgsino
mass eigenstates (�0

2, �±1 and �0
1) of 5 GeV. The results are shown separately for di�erent stop left-right mixing,

as this influences the t̃1 decay branching ratios. The pure higgsino limit from the ATLAS electroweak search in
scenarios with compressed mass spectra is also superimposed in dark green. The open contours indicate regions of
the mass plane not yet explored for that hypothesis.
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Chargino-Neutralino

24 9 Interpretations of the searches

with equal probability into all three lepton flavors, as expected for èL;
• the “t-enriched” scenario: the chargino decays exclusively to a t lepton as expected

for èR, while the neutralino decays democratically;
• the “t-dominated” scenario: the chargino and neutralino both decay only to t lep-

tons.

Figure 12 displays the results from the three-lepton search, interpreted in the flavor-democratic
scenario. The figure depicts the 95% CL upper limit on the cross section times branching frac-
tion in the mec0

1
versus mec0

2
(=mec±

1
) plane. The 50% branching fraction to three leptons is taken

into account. The upper limit on the cross section times branching fraction generally becomes
more stringent with the increasing mass difference between the chargino or heavy neutralino
and the LSP. A drop in sensitivity is observed in the region where this mass difference leads to
dilepton pairs with invariant masses close to that of the Z boson, and is caused by a higher rate
for the WZ background.

The corresponding results for the combination of the SS dilepton and three-lepton searches are
shown in Fig. 13 for two values of xè (0.05 and 0.95).
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Figure 12: Interpretation of the results of the three-lepton search in the flavor-democratic sig-
nal model with slepton mass parameter xè = 0.5. The shading in the mec0

1
versus mec0

2
(= mec±

1
)

plane indicates the 95% CL upper limit on the chargino-neutralino production cross section
times branching fraction. The contours bound the mass regions excluded at 95% CL assum-
ing the NLO+NLL cross sections for a branching fraction of 50%, as appropriate for the visi-
ble decay products in this scenario. The observed, ±1stheory observed, median expected, and
±1sexperiment expected bounds are shown.

Figure 14 presents the corresponding limits for the t-enriched scenario and Fig. 15 for the t-
dominated scenario. For the xè = 0.50 scenario, all three leptons are produced with significant
values of pT. As a consequence, the trilepton analysis is more sensitive than the SS dilepton
search, for which the limit contours are omitted in Figs. 12, 14(upper right), and 15. For the
other limit curves in Figs. 13-15, the increase in the combined mass limit due to incorpora-
tion of the SS dilepton search occurs in the experimentally challenging region where the two
neutralinos have similar masses.

For the models with xè = 0.05 (Figs. 13(left) and 14(upper left)), the decay et ! tec0
1 is not

kinematically allowed for signal scenarios with mec±
1

� mec0
1

< 20mt. Therefore, in this region,

9.1 Limits on chargino-neutralino production with slepton-mediated decays 25
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Figure 13: Interpretation of the results of the three-lepton search, the same-sign dilepton search,
and their combination, in the flavor-democratic signal model with two different values of the
slepton mass parameter: (left) xè = 0.05, (right) xè = 0.95. The shading indicates the 95%
CL upper limits on the cross section times branching fraction, and the contours the excluded
regions assuming the NLO+NLL signal cross sections.
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Figure 14: Interpretation of the results of the three-lepton search, the same-sign dilepton search,
and their combination, for the t-enriched signal model with (upper left) xè = 0.05 and (bot-
tom) xè = 0.95; (upper right) interpretation of the three-lepton search for the t-enriched signal
model with xè = 0.5. The shading indicates the 95% CL upper limits on the cross section times
branching fraction, and the contours the excluded regions assuming the NLO+NLL signal cross
sections.
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Figure 10: Exclusion contours at 95% CL in the plane of mec±
1

and mec0
1

for the models of ec±
1 ec0

2
production (left) for the individual analyses and (right) for the combination of analyses. The
decay modes assumed for each contour are given in the legends.

Figure 12 shows the observed limits from each analysis separately compared with the com-
bined result. Figure 13 shows the analysis with the best expected exclusion limit for each point
in the same plane. At higher values of mec0

1
, the searches for at least one hadronically decay-

ing boson provide the best sensitivity, the 4b search when B(ec0
1 ! HeG) is large and the on-Z

dilepton search when it is smaller. At lower values of mec0
1
, below around 200 GeV, the H(gg)

analysis is most sensitive when B(ec0
1 ! HeG) is large, while the three or more lepton search is

dominant when it is small. Figure 14 then shows the exclusion limits as a function of mec0
1

for
three choices of B(ec0

1 ! HeG): 0%, yielding the ZZ topology; 100%, yielding the HH topology;
and 50%, yielding a mix of events from the ZZ, HH, and ZH topologies.

8 Summary

A number of searches for the electroweak production of charginos and neutralinos predicted in
supersymmetry (SUSY) have been performed in different final states. All searches considered
here use proton-proton collision data at

p
s = 13 TeV, recorded with the CMS detector at the

LHC and corresponding to an integrated luminosity of 35.9 fb�1. No significant deviations
from the standard model expectations have been observed.

A targeted search requiring three or more charged leptons (electrons or muons) has been pre-
sented, focusing on chargino-neutralino production where the difference in mass between
ec0

2 and ec0
1 is approximately equal to the mass of the Z boson, and no significant deviations

from the standard model predictions are observed. This search is interpreted in a simplified
model scenario of SUSY chargino-neutralino (ec±

1 ec0
2) production with decays ec±

1 ! W± ec0
1 and

ec0
2 ! Zec0

1, where ec0
1 is the lightest SUSY particle (LSP). In the targeted phase space, the ex-

pected and observed 95% confidence level exclusion limits extend to 225 GeV in the mass of ec0
2

and 125 GeV in the mass of ec0
1, improving the observed limits from the previous publication by

up to 60 GeV [38].

A statistical combination of several searches is performed and interpreted in the context of
simplified models of either chargino-neutralino production, or neutralino pair production in

16

 [GeV]
1
±χ∼ = m

2
0χ∼m

100 200 300 400 500 600

 [
G

e
V

]
10

χ∼
m

0

50

100

150

200

250

300

350

2
0χ∼

1
±χ∼ →pp  (13 TeV)-135.9 fbCMS

1
0

χ∼

 =
 m

1
±χ∼

m

Z

+
m

1
0

χ∼

 =
 m

1
±χ∼

m

H

+
m

1
0

χ∼

 =
 m

1
±χ∼

m

Expected

Observed

≥ 3  (WH)

1  2b (WH)

H → γγ (WH)

2  on-Z (WZ)

2  soft (WZ)

3  (WZ)

 [GeV]
1
±χ∼ = m

2
0χ∼m

200 300 400 500 600 700

 [G
eV

]
10 χ∼

m

0

50

100

150

200

250

300

350

400 2
0χ∼1

±χ∼ →pp  (13 TeV)-135.9 fbCMS

1
0

χ∼

 = 
m

1±χ∼m

Z

+m
1

0
χ∼

 = 
m

1±χ∼m

H
+m

1
0

χ∼

 = 
m

1±χ∼m

Expected
Observed

) = 1 (WH)1
0χ∼H→2

0χ∼(B
) = 1 (WZ)1

0χ∼Z→2
0χ∼(B

) = 0.5 (WH+WZ)1
0χ∼H→2

0χ∼(B) = 1
0χ∼Z→2

0χ∼(B

Figure 10: Exclusion contours at 95% CL in the plane of mec±
1

and mec0
1

for the models of ec±
1 ec0

2
production (left) for the individual analyses and (right) for the combination of analyses. The
decay modes assumed for each contour are given in the legends.

Figure 12 shows the observed limits from each analysis separately compared with the com-
bined result. Figure 13 shows the analysis with the best expected exclusion limit for each point
in the same plane. At higher values of mec0
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, the searches for at least one hadronically decay-

ing boson provide the best sensitivity, the 4b search when B(ec0
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dilepton search when it is smaller. At lower values of mec0
1
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dominant when it is small. Figure 14 then shows the exclusion limits as a function of mec0
1

for
three choices of B(ec0
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L mL > 400 GeV
<latexit sha1_base64="8ik379KfLRieH/I3BKc1EfIJoZc=">AAAB83icbVA9SwNBEN2LXzF+RS1tFoNgFe5EUBsJWmhhEcFLAskR9jaTZMnu3rm7FwhH/Bs2Fiq2/hk7/42b5ApNfDDweG+GmXlhzJk2rvvt5JaWV1bX8uuFjc2t7Z3i7l5NR4mi4NOIR6oREg2cSfANMxwasQIiQg71cHA98etDUJpF8sGMYggE6UnWZZQYKwWind6NL09d9+kGau1iyS27U+BF4mWkhDJU28WvVieiiQBpKCdaNz03NkFKlGGUw7jQSjTEhA5ID5qWSiJAB+n06DE+skoHdyNlSxo8VX9PpERoPRKh7RTE9PW8NxH/85qJ6Z4HKZNxYkDS2aJuwrGJ8CQB3GEKqOEjSwhVzN6KaZ8oQo3NqWBD8OZfXiT+Sfmi7N2flipXWRp5dIAO0THy0BmqoFtURT6i6BE9o1f05gydF+fd+Zi15pxsZh/9gfP5AxaXkTI=</latexit><latexit sha1_base64="8ik379KfLRieH/I3BKc1EfIJoZc=">AAAB83icbVA9SwNBEN2LXzF+RS1tFoNgFe5EUBsJWmhhEcFLAskR9jaTZMnu3rm7FwhH/Bs2Fiq2/hk7/42b5ApNfDDweG+GmXlhzJk2rvvt5JaWV1bX8uuFjc2t7Z3i7l5NR4mi4NOIR6oREg2cSfANMxwasQIiQg71cHA98etDUJpF8sGMYggE6UnWZZQYKwWind6NL09d9+kGau1iyS27U+BF4mWkhDJU28WvVieiiQBpKCdaNz03NkFKlGGUw7jQSjTEhA5ID5qWSiJAB+n06DE+skoHdyNlSxo8VX9PpERoPRKh7RTE9PW8NxH/85qJ6Z4HKZNxYkDS2aJuwrGJ8CQB3GEKqOEjSwhVzN6KaZ8oQo3NqWBD8OZfXiT+Sfmi7N2flipXWRp5dIAO0THy0BmqoFtURT6i6BE9o1f05gydF+fd+Zi15pxsZh/9gfP5AxaXkTI=</latexit><latexit sha1_base64="8ik379KfLRieH/I3BKc1EfIJoZc=">AAAB83icbVA9SwNBEN2LXzF+RS1tFoNgFe5EUBsJWmhhEcFLAskR9jaTZMnu3rm7FwhH/Bs2Fiq2/hk7/42b5ApNfDDweG+GmXlhzJk2rvvt5JaWV1bX8uuFjc2t7Z3i7l5NR4mi4NOIR6oREg2cSfANMxwasQIiQg71cHA98etDUJpF8sGMYggE6UnWZZQYKwWind6NL09d9+kGau1iyS27U+BF4mWkhDJU28WvVieiiQBpKCdaNz03NkFKlGGUw7jQSjTEhA5ID5qWSiJAB+n06DE+skoHdyNlSxo8VX9PpERoPRKh7RTE9PW8NxH/85qJ6Z4HKZNxYkDS2aJuwrGJ8CQB3GEKqOEjSwhVzN6KaZ8oQo3NqWBD8OZfXiT+Sfmi7N2flipXWRp5dIAO0THy0BmqoFtURT6i6BE9o1f05gydF+fd+Zi15pxsZh/9gfP5AxaXkTI=</latexit><latexit sha1_base64="8ik379KfLRieH/I3BKc1EfIJoZc=">AAAB83icbVA9SwNBEN2LXzF+RS1tFoNgFe5EUBsJWmhhEcFLAskR9jaTZMnu3rm7FwhH/Bs2Fiq2/hk7/42b5ApNfDDweG+GmXlhzJk2rvvt5JaWV1bX8uuFjc2t7Z3i7l5NR4mi4NOIR6oREg2cSfANMxwasQIiQg71cHA98etDUJpF8sGMYggE6UnWZZQYKwWind6NL09d9+kGau1iyS27U+BF4mWkhDJU28WvVieiiQBpKCdaNz03NkFKlGGUw7jQSjTEhA5ID5qWSiJAB+n06DE+skoHdyNlSxo8VX9PpERoPRKh7RTE9PW8NxH/85qJ6Z4HKZNxYkDS2aJuwrGJ8CQB3GEKqOEjSwhVzN6KaZ8oQo3NqWBD8OZfXiT+Sfmi7N2flipXWRp5dIAO0THy0BmqoFtURT6i6BE9o1f05gydF+fd+Zi15pxsZh/9gfP5AxaXkTI=</latexit>

R mR > 290 GeV
<latexit sha1_base64="4Ba4nh8hAfxzML4jx08fd9TYAes=">AAAB83icbVBNT8JAEJ3iF+IX6tFLIzHxRFpiolwM0YMe0VgggYZsly1s2N3W3S0JafBvePGgxqt/xpv/xgV6UPAlk7y8N5OZeUHMqNKO823lVlbX1jfym4Wt7Z3dveL+QUNFicTEwxGLZCtAijAqiKepZqQVS4J4wEgzGF5P/eaISEUj8aDHMfE56gsaUoy0kXzeTe8nl5Wq83RDGt1iySk7M9jLxM1ICTLUu8WvTi/CCSdCY4aUartOrP0USU0xI5NCJ1EkRniI+qRtqECcKD+dHT2xT4zSs8NImhLanqm/J1LElRrzwHRypAdq0ZuK/3ntRIcXfkpFnGgi8HxRmDBbR/Y0AbtHJcGajQ1BWFJzq40HSCKsTU4FE4K7+PIy8Srlatm9OyvVrrI08nAEx3AKLpxDDW6hDh5geIRneIU3a2S9WO/Wx7w1Z2Uzh/AH1ucPKpWRPw==</latexit><latexit sha1_base64="4Ba4nh8hAfxzML4jx08fd9TYAes=">AAAB83icbVBNT8JAEJ3iF+IX6tFLIzHxRFpiolwM0YMe0VgggYZsly1s2N3W3S0JafBvePGgxqt/xpv/xgV6UPAlk7y8N5OZeUHMqNKO823lVlbX1jfym4Wt7Z3dveL+QUNFicTEwxGLZCtAijAqiKepZqQVS4J4wEgzGF5P/eaISEUj8aDHMfE56gsaUoy0kXzeTe8nl5Wq83RDGt1iySk7M9jLxM1ICTLUu8WvTi/CCSdCY4aUartOrP0USU0xI5NCJ1EkRniI+qRtqECcKD+dHT2xT4zSs8NImhLanqm/J1LElRrzwHRypAdq0ZuK/3ntRIcXfkpFnGgi8HxRmDBbR/Y0AbtHJcGajQ1BWFJzq40HSCKsTU4FE4K7+PIy8Srlatm9OyvVrrI08nAEx3AKLpxDDW6hDh5geIRneIU3a2S9WO/Wx7w1Z2Uzh/AH1ucPKpWRPw==</latexit><latexit sha1_base64="4Ba4nh8hAfxzML4jx08fd9TYAes=">AAAB83icbVBNT8JAEJ3iF+IX6tFLIzHxRFpiolwM0YMe0VgggYZsly1s2N3W3S0JafBvePGgxqt/xpv/xgV6UPAlk7y8N5OZeUHMqNKO823lVlbX1jfym4Wt7Z3dveL+QUNFicTEwxGLZCtAijAqiKepZqQVS4J4wEgzGF5P/eaISEUj8aDHMfE56gsaUoy0kXzeTe8nl5Wq83RDGt1iySk7M9jLxM1ICTLUu8WvTi/CCSdCY4aUartOrP0USU0xI5NCJ1EkRniI+qRtqECcKD+dHT2xT4zSs8NImhLanqm/J1LElRrzwHRypAdq0ZuK/3ntRIcXfkpFnGgi8HxRmDBbR/Y0AbtHJcGajQ1BWFJzq40HSCKsTU4FE4K7+PIy8Srlatm9OyvVrrI08nAEx3AKLpxDDW6hDh5geIRneIU3a2S9WO/Wx7w1Z2Uzh/AH1ucPKpWRPw==</latexit><latexit sha1_base64="4Ba4nh8hAfxzML4jx08fd9TYAes=">AAAB83icbVBNT8JAEJ3iF+IX6tFLIzHxRFpiolwM0YMe0VgggYZsly1s2N3W3S0JafBvePGgxqt/xpv/xgV6UPAlk7y8N5OZeUHMqNKO823lVlbX1jfym4Wt7Z3dveL+QUNFicTEwxGLZCtAijAqiKepZqQVS4J4wEgzGF5P/eaISEUj8aDHMfE56gsaUoy0kXzeTe8nl5Wq83RDGt1iySk7M9jLxM1ICTLUu8WvTi/CCSdCY4aUartOrP0USU0xI5NCJ1EkRniI+qRtqECcKD+dHT2xT4zSs8NImhLanqm/J1LElRrzwHRypAdq0ZuK/3ntRIcXfkpFnGgi8HxRmDBbR/Y0AbtHJcGajQ1BWFJzq40HSCKsTU4FE4K7+PIy8Srlatm9OyvVrrI08nAEx3AKLpxDDW6hDh5geIRneIU3a2S9WO/Wx7w1Z2Uzh/AH1ucPKpWRPw==</latexit>



Summary of Exclusion

m�̃0
1

<latexit sha1_base64="Lg0ltM4kz3w1cKog8McH9bFAsL0=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoN6KXjxWMLbQxLDZbNqlu5uwuxFLyF/x4kHFq7/Em//GbZuDtj4YeLw3w8y8KGNUacf5tmorq2vrG/XNxtb2zu6evd+8V2kuMfFwylLZj5AijAriaaoZ6WeSIB4x0ovG11O/90ikoqm405OMBBwNBU0oRtpIod3kYeFrymLi4xEN3QenDO2W03ZmgMvErUgLVOiG9pcfpzjnRGjMkFID18l0UCCpKWakbPi5IhnCYzQkA0MF4kQFxez2Eh4bJYZJKk0JDWfq74kCcaUmPDKdHOmRWvSm4n/eINfJRVBQkeWaCDxflOQM6hROg4AxlQRrNjEEYUnNrRCPkERYm7gaJgR38eVl4p22L9vu7Vmrc1WlUQeH4AicABecgw64AV3gAQyewDN4BW9Wab1Y79bHvLVmVTMH4A+szx8uEJQT</latexit><latexit sha1_base64="Lg0ltM4kz3w1cKog8McH9bFAsL0=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoN6KXjxWMLbQxLDZbNqlu5uwuxFLyF/x4kHFq7/Em//GbZuDtj4YeLw3w8y8KGNUacf5tmorq2vrG/XNxtb2zu6evd+8V2kuMfFwylLZj5AijAriaaoZ6WeSIB4x0ovG11O/90ikoqm405OMBBwNBU0oRtpIod3kYeFrymLi4xEN3QenDO2W03ZmgMvErUgLVOiG9pcfpzjnRGjMkFID18l0UCCpKWakbPi5IhnCYzQkA0MF4kQFxez2Eh4bJYZJKk0JDWfq74kCcaUmPDKdHOmRWvSm4n/eINfJRVBQkeWaCDxflOQM6hROg4AxlQRrNjEEYUnNrRCPkERYm7gaJgR38eVl4p22L9vu7Vmrc1WlUQeH4AicABecgw64AV3gAQyewDN4BW9Wab1Y79bHvLVmVTMH4A+szx8uEJQT</latexit><latexit sha1_base64="Lg0ltM4kz3w1cKog8McH9bFAsL0=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoN6KXjxWMLbQxLDZbNqlu5uwuxFLyF/x4kHFq7/Em//GbZuDtj4YeLw3w8y8KGNUacf5tmorq2vrG/XNxtb2zu6evd+8V2kuMfFwylLZj5AijAriaaoZ6WeSIB4x0ovG11O/90ikoqm405OMBBwNBU0oRtpIod3kYeFrymLi4xEN3QenDO2W03ZmgMvErUgLVOiG9pcfpzjnRGjMkFID18l0UCCpKWakbPi5IhnCYzQkA0MF4kQFxez2Eh4bJYZJKk0JDWfq74kCcaUmPDKdHOmRWvSm4n/eINfJRVBQkeWaCDxflOQM6hROg4AxlQRrNjEEYUnNrRCPkERYm7gaJgR38eVl4p22L9vu7Vmrc1WlUQeH4AicABecgw64AV3gAQyewDN4BW9Wab1Y79bHvLVmVTMH4A+szx8uEJQT</latexit><latexit sha1_base64="Lg0ltM4kz3w1cKog8McH9bFAsL0=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoN6KXjxWMLbQxLDZbNqlu5uwuxFLyF/x4kHFq7/Em//GbZuDtj4YeLw3w8y8KGNUacf5tmorq2vrG/XNxtb2zu6evd+8V2kuMfFwylLZj5AijAriaaoZ6WeSIB4x0ovG11O/90ikoqm405OMBBwNBU0oRtpIod3kYeFrymLi4xEN3QenDO2W03ZmgMvErUgLVOiG9pcfpzjnRGjMkFID18l0UCCpKWakbPi5IhnCYzQkA0MF4kQFxez2Eh4bJYZJKk0JDWfq74kCcaUmPDKdHOmRWvSm4n/eINfJRVBQkeWaCDxflOQM6hROg4AxlQRrNjEEYUnNrRCPkERYm7gaJgR38eVl4p22L9vu7Vmrc1WlUQeH4AicABecgw64AV3gAQyewDN4BW9Wab1Y79bHvLVmVTMH4A+szx8uEJQT</latexit>

Exclusion Limits  @

mg̃ > 2� 2.2 TeV
<latexit sha1_base64="lTblu3E5wlT1XtdOw5trC4NPVbg=">AAAB/3icbVBNS8NAEN34WetX1IMHL4tF8GJJgqBepOjFY4WmLbQhbLaTdunmg92NUEI9+Fe8eFDx6t/w5r9x2+agrQ8GHu/NMDMvSDmTyrK+jaXlldW19dJGeXNre2fX3NtvyiQTFFya8ES0AyKBsxhcxRSHdiqARAGHVjC8nfitBxCSJXFDjVLwItKPWcgoUVryzcPIz7uK8R7g/vgaO2dO1XlsQNM3K1bVmgIvErsgFVSg7ptf3V5CswhiRTmRsmNbqfJyIhSjHMblbiYhJXRI+tDRNCYRSC+fPjDGJ1rp4TARumKFp+rviZxEUo6iQHdGRA3kvDcR//M6mQovvZzFaaYgprNFYcaxSvAkDdxjAqjiI00IFUzfiumACEKVzqysQ7DnX14krlO9qtr355XaTZFGCR2hY3SKbHSBaugO1ZGLKBqjZ/SK3own48V4Nz5mrUtGMXOA/sD4/AEWnJT6</latexit><latexit sha1_base64="lTblu3E5wlT1XtdOw5trC4NPVbg=">AAAB/3icbVBNS8NAEN34WetX1IMHL4tF8GJJgqBepOjFY4WmLbQhbLaTdunmg92NUEI9+Fe8eFDx6t/w5r9x2+agrQ8GHu/NMDMvSDmTyrK+jaXlldW19dJGeXNre2fX3NtvyiQTFFya8ES0AyKBsxhcxRSHdiqARAGHVjC8nfitBxCSJXFDjVLwItKPWcgoUVryzcPIz7uK8R7g/vgaO2dO1XlsQNM3K1bVmgIvErsgFVSg7ptf3V5CswhiRTmRsmNbqfJyIhSjHMblbiYhJXRI+tDRNCYRSC+fPjDGJ1rp4TARumKFp+rviZxEUo6iQHdGRA3kvDcR//M6mQovvZzFaaYgprNFYcaxSvAkDdxjAqjiI00IFUzfiumACEKVzqysQ7DnX14krlO9qtr355XaTZFGCR2hY3SKbHSBaugO1ZGLKBqjZ/SK3own48V4Nz5mrUtGMXOA/sD4/AEWnJT6</latexit><latexit sha1_base64="lTblu3E5wlT1XtdOw5trC4NPVbg=">AAAB/3icbVBNS8NAEN34WetX1IMHL4tF8GJJgqBepOjFY4WmLbQhbLaTdunmg92NUEI9+Fe8eFDx6t/w5r9x2+agrQ8GHu/NMDMvSDmTyrK+jaXlldW19dJGeXNre2fX3NtvyiQTFFya8ES0AyKBsxhcxRSHdiqARAGHVjC8nfitBxCSJXFDjVLwItKPWcgoUVryzcPIz7uK8R7g/vgaO2dO1XlsQNM3K1bVmgIvErsgFVSg7ptf3V5CswhiRTmRsmNbqfJyIhSjHMblbiYhJXRI+tDRNCYRSC+fPjDGJ1rp4TARumKFp+rviZxEUo6iQHdGRA3kvDcR//M6mQovvZzFaaYgprNFYcaxSvAkDdxjAqjiI00IFUzfiumACEKVzqysQ7DnX14krlO9qtr355XaTZFGCR2hY3SKbHSBaugO1ZGLKBqjZ/SK3own48V4Nz5mrUtGMXOA/sD4/AEWnJT6</latexit><latexit sha1_base64="lTblu3E5wlT1XtdOw5trC4NPVbg=">AAAB/3icbVBNS8NAEN34WetX1IMHL4tF8GJJgqBepOjFY4WmLbQhbLaTdunmg92NUEI9+Fe8eFDx6t/w5r9x2+agrQ8GHu/NMDMvSDmTyrK+jaXlldW19dJGeXNre2fX3NtvyiQTFFya8ES0AyKBsxhcxRSHdiqARAGHVjC8nfitBxCSJXFDjVLwItKPWcgoUVryzcPIz7uK8R7g/vgaO2dO1XlsQNM3K1bVmgIvErsgFVSg7ptf3V5CswhiRTmRsmNbqfJyIhSjHMblbiYhJXRI+tDRNCYRSC+fPjDGJ1rp4TARumKFp+rviZxEUo6iQHdGRA3kvDcR//M6mQovvZzFaaYgprNFYcaxSvAkDdxjAqjiI00IFUzfiumACEKVzqysQ7DnX14krlO9qtr355XaTZFGCR2hY3SKbHSBaugO1ZGLKBqjZ/SK3own48V4Nz5mrUtGMXOA/sD4/AEWnJT6</latexit>

mt̃ > 1.1 TeV
<latexit sha1_base64="egJ4uqIsRwYBbNVAtaYEFVMqpG0=">AAAB/XicbVDJSgNBEO1xjXEbFU9eGoPgKcyIoF4k6MVjhGyQhKGnpyZp0rPQXSOEIeKvePGg4tX/8Obf2FkOmvig4PFeFVX1/FQKjY7zbS0tr6yurRc2iptb2zu79t5+QyeZ4lDniUxUy2capIihjgIltFIFLPIlNP3B7dhvPoDSIolrOEyhG7FeLELBGRrJsw8jL++gkAFQHF1Tt+w+1qDh2SWn7ExAF4k7IyUyQ9WzvzpBwrMIYuSSad12nRS7OVMouIRRsZNpSBkfsB60DY1ZBLqbT84f0ROjBDRMlKkY6UT9PZGzSOth5JvOiGFfz3tj8T+vnWF42c1FnGYIMZ8uCjNJMaHjLGggFHCUQ0MYV8LcSnmfKcbRJFY0IbjzLy+S+ln5quzen5cqN7M0CuSIHJNT4pILUiF3pErqhJOcPJNX8mY9WS/Wu/UxbV2yZjMH5A+szx9AupSS</latexit><latexit sha1_base64="egJ4uqIsRwYBbNVAtaYEFVMqpG0=">AAAB/XicbVDJSgNBEO1xjXEbFU9eGoPgKcyIoF4k6MVjhGyQhKGnpyZp0rPQXSOEIeKvePGg4tX/8Obf2FkOmvig4PFeFVX1/FQKjY7zbS0tr6yurRc2iptb2zu79t5+QyeZ4lDniUxUy2capIihjgIltFIFLPIlNP3B7dhvPoDSIolrOEyhG7FeLELBGRrJsw8jL++gkAFQHF1Tt+w+1qDh2SWn7ExAF4k7IyUyQ9WzvzpBwrMIYuSSad12nRS7OVMouIRRsZNpSBkfsB60DY1ZBLqbT84f0ROjBDRMlKkY6UT9PZGzSOth5JvOiGFfz3tj8T+vnWF42c1FnGYIMZ8uCjNJMaHjLGggFHCUQ0MYV8LcSnmfKcbRJFY0IbjzLy+S+ln5quzen5cqN7M0CuSIHJNT4pILUiF3pErqhJOcPJNX8mY9WS/Wu/UxbV2yZjMH5A+szx9AupSS</latexit><latexit sha1_base64="egJ4uqIsRwYBbNVAtaYEFVMqpG0=">AAAB/XicbVDJSgNBEO1xjXEbFU9eGoPgKcyIoF4k6MVjhGyQhKGnpyZp0rPQXSOEIeKvePGg4tX/8Obf2FkOmvig4PFeFVX1/FQKjY7zbS0tr6yurRc2iptb2zu79t5+QyeZ4lDniUxUy2capIihjgIltFIFLPIlNP3B7dhvPoDSIolrOEyhG7FeLELBGRrJsw8jL++gkAFQHF1Tt+w+1qDh2SWn7ExAF4k7IyUyQ9WzvzpBwrMIYuSSad12nRS7OVMouIRRsZNpSBkfsB60DY1ZBLqbT84f0ROjBDRMlKkY6UT9PZGzSOth5JvOiGFfz3tj8T+vnWF42c1FnGYIMZ8uCjNJMaHjLGggFHCUQ0MYV8LcSnmfKcbRJFY0IbjzLy+S+ln5quzen5cqN7M0CuSIHJNT4pILUiF3pErqhJOcPJNX8mY9WS/Wu/UxbV2yZjMH5A+szx9AupSS</latexit><latexit sha1_base64="egJ4uqIsRwYBbNVAtaYEFVMqpG0=">AAAB/XicbVDJSgNBEO1xjXEbFU9eGoPgKcyIoF4k6MVjhGyQhKGnpyZp0rPQXSOEIeKvePGg4tX/8Obf2FkOmvig4PFeFVX1/FQKjY7zbS0tr6yurRc2iptb2zu79t5+QyeZ4lDniUxUy2capIihjgIltFIFLPIlNP3B7dhvPoDSIolrOEyhG7FeLELBGRrJsw8jL++gkAFQHF1Tt+w+1qDh2SWn7ExAF4k7IyUyQ9WzvzpBwrMIYuSSad12nRS7OVMouIRRsZNpSBkfsB60DY1ZBLqbT84f0ROjBDRMlKkY6UT9PZGzSOth5JvOiGFfz3tj8T+vnWF42c1FnGYIMZ8uCjNJMaHjLGggFHCUQ0MYV8LcSnmfKcbRJFY0IbjzLy+S+ln5quzen5cqN7M0CuSIHJNT4pILUiF3pErqhJOcPJNX8mY9WS/Wu/UxbV2yZjMH5A+szx9AupSS</latexit>

m˜̀> 400� 300 GeV
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1
m�̃0

2
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=1 GeV

) mg̃ > 800 GeV for m�̃0
1
= 500 GeV
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) mt̃1 > 200 GeV for m�̃0
1
= 200 GeV
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Limits are sensitive to decay channel, and mass difference 



SMS Model

Simplified Mass Spectra(SMS). is not a model,
Assumptions on,
• Masses 
• Branching ratios(100%)
• R-parity conserving model(LSP is stable)
• NO specific model  inputs. 
• Limits may be valid for a very particular context.

R-parity violating SUSY model, LSP decays, 
MET soften, Loss of sensitivity

Warning: 
Exclusions are not absolute, 
need to reinterpret using specific model
before drawing any conclusion.

Bounds on Ewinos reduced, once model specifications are used 
A.Datta et al., N Ganguly, S. Poddar, ’15,’16

Vision and Outlook: Future of Particle Physics Ian Shipsey 
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Many new searches looking for heavier cousins of the Higgs were reported. These “heavy 

Higgs”, once produced, could decay in ways very similar to the Higgs itself, or might decay into 
a pair of Higgs bosons. Other searches cover the possibility that the Higgs boson itself has 
exotic decays: “invisible” decays into undetected particles, decays into exotic bosons or decays 
that violate the conservation of lepton flavour. No signals have emerged yet, but the LHC 
experiments are providing increasing sensitivity and coverage of the full menu of possibilities 

 
TeV mass particles are needed in essentially all models of new physics. The search for 

them is imperative and integrally linked to searches for dark matter and rare processes.  The 
most popular extension of the Standard Model is Supersymmetry (SUSY), the only unused 
symmetry of the Poincaré Group. There is a long list of reasons why SUSY is attractive. Among 
them: a solution to the hierarchy (naturalness) problem; a rationale for scalars; unification of the 
forces; a dark matter candidate; needed by string theory; helps the cosmological constant 
problem (10-120 is reduced to 10-60). It is important to remember that SUSY is complex: it is not a 
single model but a large framework (Figure 8). SUSY is too big to explore without some 
assumptions. Searches in Run 2, are looking at more challenging scenarios than Run 1. 
Simplified models are explored at almost 2 TeV for gluons and almost a TeV for top squarks 
(Figure 8).     

 
 

                   
 

Figure 8:  (Left) The SUSY framework showing, for example, the MSSM is a subset of SUSY. 
(Right) ATLAS SUSY Searches 95% CL lower limits from Run 1 and early Run 2 
(preliminary). CMS presented similar results. 

 
A 100 TeV collider will improve the reach for general direct searches by at least a factor of 5 
(Figure 9). Taking natural SUSY as an example, stops and gluinos are light, but the first two 
generations may be heavier than 5 TeV.  At 100 TeV, the reach for a heavy squark goes up to 35 
TeV.  The 100 TeV collider reach for neutralino dark matter is similarly impressive. While LHC 
can discover SUSY particles, to understand the type of SUSY we have found will take higher 
energies. At the moment, however, SUSY is not proving as simple to find, as was once thought 
it would be.  The road to SUSY is fogbound, but the fog might clear at any moment. There are a 
huge range of models, both SUSY and non-SUSY, of physics beyond the Standard Model.  

SUSY

pMSSM

MSSM

N=1

NMSSM
Dirac

gauginos
singlinos

U(1)’ 

nc

ICHEP	2016	-- I.	Shipsey

D Charlton / Birmingham – 8 August 2016, ICHEP Chicago 29

Very broad set of SUSY 
search results reported 
with 2015+2016 data

Just a couple of 
examples here

● g/q search with 

jets+E
T

miss

● t searches

SUSY SearchesSUSY Searches

Standard ATLAS approach in many searches:
● Focus on specific signatures, simplified models guide optimisation
● Data-driven backgrounds: multiple control regions to constrain MC 

predictions and systematic uncertainties
● Validation regions: verify background descriptions
● Signal regions: sensitivity!

Ian  Shipsey, ICHEP 2016 Talk



Supersymmetry: Future 



High Luminosity: LHC

No Physics before May 2021(LHCC)



Challenges of HL-HE LHC
Detector elements and electronics are already exposed to high 

radiation dose. Need upgrades 

High Pile UP:
Increased rate of fake tracks,

Spurious energy deposition of 
energy in calorimeters, 

Affect object reconstruction
Trigger rates.

Storing events etc…



Chargino and Neutralino(1) The final states can contain three leptons/taus and missing transverse momentum as shown in Figure 2.
It should be noted that the WZ-mediated scenario with 100% branching fraction is not realistic for large
m�̃0

2
�m�̃0

1
> mh, however, the limits would fall somewhere between those achieved for the WZ-mediated

and Wh-mediated scenarios for the same production cross-section.
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Figure 2: The diagrams for the two �̃0
2�̃
±
1 simplified models studied in this note. The �̃±1 is assumed to

decay as �̃±1 ! W±(⇤)�̃0
1 and the �̃0

2 either as �̃0
2 ! Z(⇤) �̃0

1 or �̃0
2 ! h(⇤) �̃0

1 with 100% branching ratio.
Two final states are studied for the Wh-mediated scenario: 3` and 1`2⌧. The dots in (b) depict possible
additional decay products of the lightest Higgs boson decaying via intermediate ⌧⌧, WW or ZZ states.

Two final states are considered for the �̃±1 �̃
0
2 simplified models studied in this note,

Three leptons (3`): where leptons (`) refers to electrons and muons including those from the ⌧-lepton
decays but do not include hadronically-decaying ⌧-leptons. This final state targets both the WZ-
mediated and Wh-mediated simplified models.

One lepton + two ⌧ (1`2⌧): where the one lepton (`) plus two hadronically decaying taus (⌧) signature
is used to target the Wh-mediated simplified model.

The background for a signal with 3` or 1`2⌧ and large Emiss
T is dominated by the irreducible processes

WZ(⇤), tribosons and tt̄ + Z/W. The assumed systematic uncertainty of 30% on the estimated sum of all
backgrounds is expected to hold under the hypothesis that the theoretical uncertainty on the triboson
backgrounds is at the level of that of the diboson backgrounds for 14 TeV. The reducible process tt̄ is
also an important background, producing two prompt leptons from the W decays and a third when one
of the b-quarks in the event decays semileptonically and is mis-identified as a prompt, isolated lepton.
In the 1`2⌧ channel, the reducible processes tt̄, W+jets, Z+jets are important backgrounds where jets are
mis-identified as taus.

3.1 WZ-mediated Signal Region Selection

Candidate leptons are selected with pT larger than 10 GeV and |⌘|< 2.47 (2.4) for electrons (muons).
Candidate jets are selected with the anti-kt algorithm with a radius parameter of �R ⌘

p
(��)2 + (�⌘)2 =

0.4, with pT > 20 GeV and |⌘|< 2.5. Jets are required to be separated from candidate electrons with
�R(e, jet) > 0.2. Jets are tagged as originating from b-decays, “b-tagged jets”, with the chosen working
point of the b-tagging algorithm correctly identifying b-quark jets in simulated tt̄ samples with an average
e�ciency of 70%, with a light-flavour jet misidentification probability of about 1% (parametrised as a
function of jet pT and ⌘).

Leptons forming low mass Same-Flavour Opposite-Sign (SFOS) lepton pairs (invariant mass mSFOS <
12 GeV) are discarded to remove leptons from low-mass resonances. Leptons are required to be isolated
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The final states can contain three leptons/taus and missing transverse momentum as shown in Figure 2.
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2 either as �̃0
2 ! Z(⇤) �̃0

1 or �̃0
2 ! h(⇤) �̃0

1 with 100% branching ratio.
Two final states are studied for the Wh-mediated scenario: 3` and 1`2⌧. The dots in (b) depict possible
additional decay products of the lightest Higgs boson decaying via intermediate ⌧⌧, WW or ZZ states.

Two final states are considered for the �̃±1 �̃
0
2 simplified models studied in this note,

Three leptons (3`): where leptons (`) refers to electrons and muons including those from the ⌧-lepton
decays but do not include hadronically-decaying ⌧-leptons. This final state targets both the WZ-
mediated and Wh-mediated simplified models.

One lepton + two ⌧ (1`2⌧): where the one lepton (`) plus two hadronically decaying taus (⌧) signature
is used to target the Wh-mediated simplified model.

The background for a signal with 3` or 1`2⌧ and large Emiss
T is dominated by the irreducible processes

WZ(⇤), tribosons and tt̄ + Z/W. The assumed systematic uncertainty of 30% on the estimated sum of all
backgrounds is expected to hold under the hypothesis that the theoretical uncertainty on the triboson
backgrounds is at the level of that of the diboson backgrounds for 14 TeV. The reducible process tt̄ is
also an important background, producing two prompt leptons from the W decays and a third when one
of the b-quarks in the event decays semileptonically and is mis-identified as a prompt, isolated lepton.
In the 1`2⌧ channel, the reducible processes tt̄, W+jets, Z+jets are important backgrounds where jets are
mis-identified as taus.

3.1 WZ-mediated Signal Region Selection

Candidate leptons are selected with pT larger than 10 GeV and |⌘|< 2.47 (2.4) for electrons (muons).
Candidate jets are selected with the anti-kt algorithm with a radius parameter of �R ⌘

p
(��)2 + (�⌘)2 =

0.4, with pT > 20 GeV and |⌘|< 2.5. Jets are required to be separated from candidate electrons with
�R(e, jet) > 0.2. Jets are tagged as originating from b-decays, “b-tagged jets”, with the chosen working
point of the b-tagging algorithm correctly identifying b-quark jets in simulated tt̄ samples with an average
e�ciency of 70%, with a light-flavour jet misidentification probability of about 1% (parametrised as a
function of jet pT and ⌘).

Leptons forming low mass Same-Flavour Opposite-Sign (SFOS) lepton pairs (invariant mass mSFOS <
12 GeV) are discarded to remove leptons from low-mass resonances. Leptons are required to be isolated
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Table 1: Summary of selection requirements for the 300 fb�1 and 3000 fb�1 WZ-mediated signal regions.
For each luminosity scenario, the looser “A” signal region aims at maximal discovery, and the tighter
“B” and “C” regions aim at maximal exclusion. Region“D” is an additional tight signal region for the
3000 fb�1 scenario. The mass of the SFOS lepton pair closest to the Z boson mass is denoted by mSFOS.

Selection SRA SRB SRC SRD

mSFOS[GeV] 81.2-101.2
# b-tagged jets 0

lepton pT (1,2,3)[GeV] > 50
Emiss

T [GeV] > 250 > 300 > 400 > 500
mT [GeV] > 150 > 200 > 200 > 200

hµi = 60, 300 fb�1 scenario yes yes yes –
hµi = 140, 3000 fb�1 scenario yes yes yes yes

3.2 WZ-mediated Expected Sensitivity

The number of events for the SM background and four SUSY scenarios can be seen in Table 2 for the
300 fb�1 and 3000 fb�1 signal regions. The SM background is dominated by WZ production in all signal
regions, followed by small contributions from ZWW, ZZW and tt̄Z production. SM backgrounds with at
least one mis-identified or non-prompt lepton (tt̄ and Z+jets) are completely suppressed in this study by
the tight signal regions requirements.

Table 2: Expected numbers of events for SM background and four SUSY scenarios for the WZ-mediated
signal regions. Uncertainties are statistical only.

Sample SRA SRB SRC SRA SRB SRC SRD
Scenario 300 fb�1, µ=60 3000 fb�1, µ=140

WZ 9.60±0.32 4.59±0.22 1.91±0.14 200±5 59.4±2.5 22.0±1.5 8.3±1.0
ZZ 0 0 0 0 0 0 0

VVV 2.11±0.18 1.07±0.13 0.44±0.08 24.3±1.9 12.1±1.4 5.4±0.8 2.0±0.5
Wh 0 0 0 0 0 0 0
tt̄V 0.67±0.19 0.23±0.12 0 14.4±2.8 4.2±1.6 0.31±0.31 0
tt̄ 0 0 0 0 0 0 0

⌃MC 12.4±0.4 5.89±0.28 2.35±0.16 239±6 75.6±3.3 27.7±1.8 10.3±1.1

WZ-mediated
m(�̃0

2, �̃
0
1)=(400,0) GeV 38.5±0.6 20.1±0.5 5.47±0.23 407±6 224±5 67.9±2.6 19.7±1.4

m(�̃0
2, �̃

0
1)=(600,0) GeV 19.40±0.20 14.69±0.17 7.76±0.12 194.8±2.0 148.9±1.7 81.6±1.3 33.5±0.8

m(�̃0
2, �̃

0
1)=(800,0) GeV 6.97±0.06 5.90±0.06 4.21±0.05 69.6±0.6 59.1±0.6 42.4±0.5 25.2±0.4

m(�̃0
2, �̃

0
1)=(1000,0) GeV 2.31±0.02 2.05±0.02 1.64±0.02 22.94±0.19 20.42±0.18 16.36±0.16 11.55±0.14

The signal significances from the WZ-mediated signal regions are combined in quadrature for each of
the two luminosities considered. For WZ-mediated signals, the combination is performed using disjoint
versions of SRA-C (SRA-D) for the 300 fb�1 (3000 fb�1) luminosity scenario. The disjoint regions are
defined by imposing upper Emiss

T and mT bounds on the looser regions to prevent overlap with the tighter
regions, e.g. SRA is additionally required to have Emiss

T < 300 GeV or mT < 200 GeV to prevent overlap
with SRB.

The 95% exclusion and 5� discovery contours that would be expected for the WZ-mediated simpli-
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2 Searches for R-parity conserving SUSY

2.1 SUSY searches at the LHC

In the framework of generic R-parity conserving supersymmetric extensions of the SM, SUSY particles
are produced in pairs and the LSP is stable. In a large fraction of the parameter space, the LSP is the
lightest neutralino, where neutralinos (�̃0

j , j = 1, 2, 3, 4) and charginos (�̃±i , i = 1, 2) are the mass eigen-
states originating from the superposition of the SUSY partners of Higgs and electroweak gauge bosons
(higgsinos and electroweak gauginos). The scalar partners of right-handed and left-handed fermions can
mix to form two mass eigenstates, nearly degenerate in the case of first and second generation squarks
and sleptons (q̃ and l̃), whilst possibly split in the case of bottom and top squarks (sbottom, b̃ and stop,
t̃) and tau sleptons (stau, ⌧̃). The lighter top squark mass eigenstate can be significantly lighter than the
other squarks and the gluinos (g̃, supersymmetric partners of the gluons).

Supersymmetry searches in the initial phases of the LHC (in particular those corresponding to the
35 pb�1 and the 1 fb�1 datasets) targeted processes with large expected cross-section, such as production
of gluinos and first, second generation squarks (Fig. 1). As the integrated luminosity increased, the search
strategy was refined to access processes with either smaller cross-section or a-priori lower sensitivity.

The ATLAS Collaboration is currently carrying out a broad programme of searches [13–21] including
searches for light-flavour squarks and gluinos, weakly produced sparticles, and third generation squarks.
Results from the searches mentioned above have excluded first and second generation squark and gluino
masses below about 850 GeV and 1330 GeV, respectively, under the assumption of a simplified model
and a very light LSP [22]. Less stringent limits are placed on third generation squarks [17], charginos
and neutralinos [20] and sleptons [19]. The mass constraints strongly depend on the assumed SUSY
mass spectrum.

Figure 1: Next-to-leading order cross-sections for the production of supersymmetric particles at the
LHC as a function of the average mass of the pair-produced supersymmetric particles. The �̃±1 and �̃0

2
are assumed to be wino-like. Cross-sections for bottom squark pair production are equal to those of top
squark pair production. . The squark cross-sections are shown for decoupled gluinos and the gluino
cross-section is shown for decoupled squarks.

2



fied models can be seen in Figure 4. In the case of the WZ-mediated simplified models and the luminosity
scenario of 300 fb�1, the exclusion contour reaches 840 GeV in �̃±1 , �̃

0
2 mass, while for the high luminosity

scenario with 3000 fb�1, the contour extends as far as 1.1 TeV in �̃±1 , �̃
0
2 mass. The discovery contour for

300 fb�1 reaches 560 GeV in �̃±1 , �̃
0
2 mass, and 820 GeV for the high luminosity scenario with 3000 fb�1.
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Figure 4: The expected 95% exclusion and discovery contours for the 300 fb�1 and 3000 fb�1 luminosity
scenarios in the m(�̃0

1) vs m(�̃±1 , �̃
0
2) plane for the WZ-mediated simplified model. The 8 TeV exclusion

contour is also shown in orange [19].

3.3 3` Wh-mediated Signal Region Selection

Leptons are selected as in Section 3.1. Events are selected with exactly three leptons and events with a
Same-Flavour Opposite-Sign (SFOS) lepton pair present among the three leptons are rejected to suppress
the WZ background. This SFOS veto mainly selects Wh-mediated �̃±1 �̃

0
2 signal events where the h!WW.

Events with b-tagged jets are vetoed to suppress tt̄ and tt̄ + V backgrounds. The WZ and tt̄ samples are
generated with a Emiss

T > 50 GeV filter, and so a requirement of Emiss
T > 100 GeV is imposed after

smearing. A requirement is made on the invariant mass of the two OS leptons closest in �R, mmin�R
OS , to

reject the tt̄ and WWW backgrounds. Large mT formed from each of the three leptons, mT(`1), mT(`2)
and mT(`3), is required to reduce the contributions from the tt̄ and triboson backgrounds. The thresholds
on mmin�R

OS , mT(`1), mT(`2) and mT(`3) are optimised for high ZN . Four signal regions are defined for
the Wh-mediated simplified model: two loose regions “E” and “F” optimised for small mass splitting
scenarios, a tight region “G” optimised for large mass splitting scenarios, and a very tight region “H”
optimised for large mass splittings in the 3000 fb�1 scenario, and these are summarised in Table 3.

3.4 1`2⌧ Wh-mediated Signal Region Selection

Leptons and jets are selected as in Section 3.1. Candidate taus are selected with pT larger than 20 GeV
and |⌘|< 2.47. All taus are requested to be separated from candidate jets (jets are discarded if �R(⌧, jet) <
0.2) and leptons (taus are discarded if �R(⌧, `) < 0.2). Due to limited statistics in some MC samples, MC
events are used 10 times with di↵erent seeds used for the reconstruction parametrisation. The events are
then weighted by 1/10 to account for this e↵ect.
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contour reaches 650 GeV in �̃±1 , �̃
0
2 mass for the 300 fb�1 scenario, and 940 GeV in �̃±1 , �̃

0
2 mass for the

3000 fb�1 scenario. The discovery contour for 3000 fb�1 reaches 650 GeV in �̃±1 , �̃
0
2 mass, however,

a discovery contour is not achieved for the 300 fb�1 scenario. For the 8 TeV analysis, the exclusion
contour reaches 150 GeV in �̃±1 , �̃

0
2 mass and 17 GeV in �̃0

1 mass [20].
In the case of the 1`2⌧ channel, the exclusion contour reaches 550 GeV in �̃±1 , �̃

0
2 mass for the

3000 fb�1 scenario. An exclusion contour for 300 fb�1 is not achieved, neither are discovery contours
for either luminosity scenario. A statistical fluctuation in the WW background sample used for the anal-
ysis leads to a conservative estimate of the WW background of 3.5 events. Using an ABCD method
with the Emiss

T and |pT (⌧1)| + |pT (⌧2)| variables, the WW estimate is reduced to 0.1 events and the limits
improve by about 50 GeV in �̃±1 , �̃0

2 and �̃0
1 mass. Despite the weak sensitivity to Wh-mediated scenarios

with h! ⌧⌧ final states, the 1`2⌧ channel gives excellent complementarity to 3` final states.
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Figure 5: The expected 95% exclusion contours for the 300 fb�1 and 3000 fb�1 luminosity scenarios in
the m(�̃0

1) vs m(�̃±1 , �̃
0
2) plane for the Wh-mediated simplified model. The sensitivity using the 3` channel

is shown on the left, and the 1`2⌧ channel on the right.

4 Strongly produced supersymmetry

Strongly produced SUSY particles are expected to have the highest production cross-section of all SUSY
processes, provided they are light enough to be produced at the LHC. In this study, simplified models
of gluino and squark pair production are considered. The gluino decays directly into two quarks and the
LSP (�̃0

1) with 100% branching ratio, as shown in Figure 6. The squark decays into a quark and the LSP
(�̃0

1) with 100% branching ratio. In both cases signal events are characterised by many jets, large Emiss
T

and no leptons.

4.1 Background processes

The SM background for a signal with many jets and large Emiss
T is dominated by Z+jets, W+jets, tt̄ and

diboson production. Based on 8 TeV published results [22], the diboson background is set to 10% of the
total of the other SM backgrounds, multijet production is assumed to be suppressed to negligible levels
by dedicated signal region requirements, and the uncertainty on the total SM background is assumed to
be 10%.
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13.2 Search for ec±
1 ec0

2 production in the WH + Emiss
T final state 29

background to the different SUSY models, including the simplified model with mec±
1

= mec0
2

=

500 GeV and mec0
1
= 100 GeV.

The results are interpreted in different SUSY scenarios using the asymptotic option of the Higgs
combination tool [48]. For the SMS we test a matrix of mass points in steps of 100 GeV, ranging
from 100 to 1000 GeV for mec±

1
= mec0

2
, and from 0 to 900 GeV for mec0

1
(with the requirement

mec±
1

= mec0
2
> mec0

1
). The corresponding 5s discovery lines for 300 fb�1 with the Phase I detector

and 50 pileup events, and 3000 fb�1 with the Phase II detector and 140 pileup events, are shown
in Fig. 20(a) for branching fractions of B(ec0

2 ! Zec0
1) = 50% and 100%. For high ec±

1 and
ec0

2 masses, the sensitivity is strongest in the signal region with tight lepton pT requirements.
Figure 20(b) contains the discovery sensitivity as function of the luminosity for the investigated
full-spectrum SUSY models. We reach about 3–4s for the STC, NM1, and NM2 models, and
about 2s for the NM3 model.
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Figure 20: Multilepton search: (a) Contours for 5s discovery in the SMS model with mec±
1

= mec0
2

versus mec0
1

plane. (b) Discovery significance as a function of the integrated luminosity.

13.2 Search for ec±
1 ec0

2 production in the WH + Emiss
T final state

This search targets chargino-neutralino production leading to WH + Emiss
T final states, as shown

in Fig. 17(b). We search for this topology using W ! `n and H ! bb, which has the largest
branching fraction of any Higgs decay. This single lepton channel was found to be the most
sensitive in the 8 TeV run [19].

Events are required to contain a single isolated high pT lepton (e or µ), as well as two high
pT b jets that reconstruct to the mass of a Higgs boson. The lepton candidate is required to
satisfy pT > 40 GeV and |h| < 2.4. Events are vetoed if additional leptons with pT > 10 GeV
are present. This veto suppresses tt events with two leptons from the decay of the two W
bosons. To suppress tt events with a single leptonic W decay, events are also vetoed if there are
additional jets satisfying pT > 30 GeV and |h| < 2.4. We require the invariant mass of the two
b-tagged jets, mbb to lie between 90 and 150 GeV to be consistent with the Higgs boson mass.

The transverse mass, MT, computed from the lepton momentum and Emiss
T , is required to satisfy

MT > 100 GeV. This cut strongly suppresses backgrounds with exactly one leptonic W boson
decay. The contransverse mass, MCT, as defined in Section 8, is used to suppress the remaining
tt background, which has an endpoint at MCT = (m2

t � m2
W)/mt ⇡ 135 GeV. We require MCT >
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1) = 1. The shaded bands show the e�ect on the limit
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The HistFitter framework [58], which utilises a profile-likelihood-ratio test statistics [59], is used to
compute expected exclusion limits with the CLs prescription [60] assuming a 30% systematic uncertainty
on the background expectation.

Scans of expected discovery significance and 95% CL limits are shown in Figure 4 as a function of the
t̃1 mass. Simplified models of top squark production are considered, in which the t̃1 decays with 100%
branching ratio into t �̃0

1. The 5� discovery potential for the full HL-LHC dataset is expected to extend up
to mt̃1 = 480 GeV, while in the absence of a signal, t̃1 masses up to 700 GeV are expected to be excluded
at 95% CL.
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Sbottom search

mb̃1
> 1.4(1.55) TeV, L = 300(3000)fb�1
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Exclusion 

Discovery 
mb̃1

> 1.1(1.3) TeV, L = 300(3000)fb�1
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Table 11: Expected numbers of events for SM background and three bottom squark pair signal points, for
di↵erent mCT thresholds and an integrated luminosity of 300fb�1. The uncertainties shown are statistical
only.

SRA300 SRA350 SRA450 SRA550 SRA650 SRA750
(mb̃1
,m�̃0

1
) = (1000, 1) 216 ± 4 200 ± 4 161 ± 4 118.5 ± 3.2 78.6 ± 2.6 44.0 ± 1.9

(mb̃1
,m�̃0

1
) = (1400, 1) 19.3 ± 0.9 18.4 ± 0.9 16.8 ± 0.8 14.9 ± 0.8 12.8 ± 0.7 10.2 ± 0.6

(mb̃1
,m�̃0

1
) = (1600, 1) 6.04 ± 0.28 5.84 ± 0.28 5.55 ± 0.27 5.19 ± 0.26 4.57 ± 0.25 3.78 ± 0.22
tt̄ 32.6 ± 3.0 14.8 ± 2.0 4.3 ± 1.1 1.5 ± 0.7 0.6 ± 0.4 0.29 ± 0.29

single top 146 ± 12 83 ± 8 41 ± 6 25 ± 5 12.7 ± 3.2 8.9 ± 2.5
Z+jets 508 ± 8 249 ± 5 70.5 ± 2.7 23.1 ± 1.5 9.1 ± 1.0 4.1 ± 0.7
W+jets 92 ± 5 44 ± 4 9.3 ± 1.7 2.9 ± 0.9 1.6 ± 0.8 0.9 ± 0.6
Other 5.4 ± 0.5 3.3 ± 0.4 1.59 ± 0.28 0.50 ± 0.16 0.18 ± 0.09 0.15 ± 0.08
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Figure 13: Expected 95% exclusion limits and discovery reach for bottom squark pair production with
300fb�1 and 3000fb�1 of integrated luminosity.

5.2 Expected sensitivity to bottom squark pair production

Signal regions described in the previous sections are considered with mCT thresholds of 300, 350, 450,
550, 650 and 750 GeV. Higher thresholds are not considered since the MC statistical uncertainties be-
come dominant in the tail of the mCT distribution beyond 750 GeV. The systematic uncertainties for the
signal regions used in the 8 TeV analysis are assumed to be unchanged. The systematic uncertainty for
the signal regions with higher mCT thresholds (> 400 GeV) are assumed to be 30%. The number of ex-
pected events for the 300 fb�1 luminosity scenario is shown in Table 11. The dominant backgrounds are
Z+jets and single top production, with subleading contributions from W+jets and tt̄V .

Exclusion limits are set in the mb̃1
� m�̃0

1
plane using the best expected signal region. The exclusion

limits are shown in Figure 13. The 5� discovery curves are also shown on the same plot. Bottom squark
masses up to 1400 GeV can be excluded at 95% CL with 300 fb�1 of integrated luminosity, for a massles
�̃0

1. With 3000 fb�1 at the HL-LHC, the exclusion reach improves by an additional 150 GeV. Bottom
squarks with masses of ⇠1100 GeV (1300 GeV) can be discovered with 5� significance with 300 fb�1 (
3000 fb�1).
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Gluino and Squark
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Figure 6: The diagram for the squark (left) and gluino (right) pair production simplified models studied
in this note. The gluino is assumed to decay into qq�̃0

1 with 100% branching ratio and the squark is
assumed to decay into q�̃0

1 with 100% branching ratio.

4.2 Signal region selection

The signal region selection is similar to the selection in Ref. [22]. Jets are selected with pT > 20 GeV
and |⌘|< 4.5. Between minimal two and minimal six high pT jets are required, with no leptons present in
the event. Multiple signal regions have been optimised with requirements on the e↵ective mass me↵ =

Emiss
T +

P |pjet
T |, Emiss

T /me↵ and Emiss
T /

p
HT (where HT is defined as the scalar sum of the pT of all jets).

A summary of the signal regions is shown in Table 7. Harder selections on Emiss
T and jet pT would need

to be made to satisfy the trigger thresholds for these signal regions, however, the results are expected to
be the same due to the hard me↵ and Emiss

T /
p

HT selections.

4.3 Expected Sensitivity

Figure 7 shows the me↵ distribution in the 4-jet region with Emiss
T > 160 GeV for the Standard Model

background and two SUSY signal points; one with mg̃ = 1950 GeV and m�̃0
1
= 1 GeV, the other with

mg̃ = 1425 GeV and m�̃0
1
= 1400 GeV. For the compressed scenario, the signal distribution is similar in

shape to the background, and does not extend beyond the tail of the background at high me↵ . Compressed
signals are di�cult to detect due to this behaviour. Figure 8 shows similar distributions for two points
for squark pair production.

The number of expected events for the irreducible backgrounds and two benchmark signal points
is shown in Tables 8 and 9. As in the 8 TeV analysis, the Z+jets background is dominant, with the
contribution from the tt background increasing with jet multiplicity.

Figure 9 shows the expected exclusion and discovery contours. In the case of gluino pair production,
the production cross-section is derived for the decoupling limit. The cross-section is not altered much
if squarks are as light as a few TeV since t-channel processes are not of importance. With increasing
luminosity, discovery is expected for gluino-pair production up to mg̃ = 2000 GeV for 300 fb�1, and
mg̃ = 2350 GeV for the 3000 fb�1 luminosity scenario. Depending on the gluino mass, a �̃0

1 with
a mass up to 900 GeV (1100 GeV) can be discovered for the 300 fb�1 (3000 fb�1) luminosity scenario.
Notably, these mass ranges lie outside any current 8 TeV exclusion limits. The theoretical uncertainty on
the limit is mainly due to uncertainties in the parton-density functions and increases with gluino mass.
The theoretical uncertainty reaches about 400 GeV for gluinos with a mass of 2950 GeV. Theoretical
uncertainties on the SUSY signal are not seen to have large e↵ects on the limits for chargino-neutralino
production or sbottom pair production, however, they are seen to be important for the strong production
studied here. In the event of an absence of an excess over the Standard Model expectation, gluino masses
are expected to be excluded up to 2350 GeV (2950 GeV) for the 300 fb�1 (3000 fb�1) luminosity scenario,

12

Jets + Missing energy

meff +
X

pjT , E
miss
T /meff , E

miss
T /

p
HT
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Signal Region:

Event Selection:

pj1T > 160 GeV, Nj : 2� 6, Emiss
T > 160 GeV
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��(jet, Emiss
T )min > 0.4(j1, j2, j3), 0.2(all jets pT > 40 GeV )

<latexit sha1_base64="+tG5ysmcwFOT4BTy2LF9S8TIbVo="></latexit><latexit sha1_base64="+tG5ysmcwFOT4BTy2LF9S8TIbVo="></latexit><latexit sha1_base64="+tG5ysmcwFOT4BTy2LF9S8TIbVo="></latexit><latexit sha1_base64="+tG5ysmcwFOT4BTy2LF9S8TIbVo="></latexit>

Cuts are optimised for : < µ >= 60, 300fb�1
<latexit sha1_base64="YbmkaNjyg1rjr4dDukV7nuGBAck=">AAAB/HicbVDLSgMxFM3UV62v8bFzEyyCCy0zKj5ApejGZQXHFtqxZNJMG5pkhiQj1KH4K25cqLj1Q9z5N6btLLT1wIXDOfdy7z1BzKjSjvNt5aamZ2bn8vOFhcWl5RV7de1ORYnExMMRi2QtQIowKoinqWakFkuCeMBINeheDfzqA5GKRuJW92Lic9QWNKQYaSM17Y2zBk8uzo+cXXjgOGFwn+65/aZddErOEHCSuBkpggyVpv3VaEU44URozJBSddeJtZ8iqSlmpF9oJIrECHdRm9QNFYgT5afD6/tw2ygtGEbSlNBwqP6eSBFXqscD08mR7qhxbyD+59UTHZ74KRVxoonAo0VhwqCO4CAK2KKSYM16hiAsqbkV4g6SCGsTWMGE4I6/PEm8/dJpyb05LJYvszTyYBNsgR3ggmNQBtegAjyAwSN4Bq/gzXqyXqx362PUmrOymXXwB9bnD61Okv0=</latexit><latexit sha1_base64="YbmkaNjyg1rjr4dDukV7nuGBAck=">AAAB/HicbVDLSgMxFM3UV62v8bFzEyyCCy0zKj5ApejGZQXHFtqxZNJMG5pkhiQj1KH4K25cqLj1Q9z5N6btLLT1wIXDOfdy7z1BzKjSjvNt5aamZ2bn8vOFhcWl5RV7de1ORYnExMMRi2QtQIowKoinqWakFkuCeMBINeheDfzqA5GKRuJW92Lic9QWNKQYaSM17Y2zBk8uzo+cXXjgOGFwn+65/aZddErOEHCSuBkpggyVpv3VaEU44URozJBSddeJtZ8iqSlmpF9oJIrECHdRm9QNFYgT5afD6/tw2ygtGEbSlNBwqP6eSBFXqscD08mR7qhxbyD+59UTHZ74KRVxoonAo0VhwqCO4CAK2KKSYM16hiAsqbkV4g6SCGsTWMGE4I6/PEm8/dJpyb05LJYvszTyYBNsgR3ggmNQBtegAjyAwSN4Bq/gzXqyXqx362PUmrOymXXwB9bnD61Okv0=</latexit><latexit sha1_base64="YbmkaNjyg1rjr4dDukV7nuGBAck=">AAAB/HicbVDLSgMxFM3UV62v8bFzEyyCCy0zKj5ApejGZQXHFtqxZNJMG5pkhiQj1KH4K25cqLj1Q9z5N6btLLT1wIXDOfdy7z1BzKjSjvNt5aamZ2bn8vOFhcWl5RV7de1ORYnExMMRi2QtQIowKoinqWakFkuCeMBINeheDfzqA5GKRuJW92Lic9QWNKQYaSM17Y2zBk8uzo+cXXjgOGFwn+65/aZddErOEHCSuBkpggyVpv3VaEU44URozJBSddeJtZ8iqSlmpF9oJIrECHdRm9QNFYgT5afD6/tw2ygtGEbSlNBwqP6eSBFXqscD08mR7qhxbyD+59UTHZ74KRVxoonAo0VhwqCO4CAK2KKSYM16hiAsqbkV4g6SCGsTWMGE4I6/PEm8/dJpyb05LJYvszTyYBNsgR3ggmNQBtegAjyAwSN4Bq/gzXqyXqx362PUmrOymXXwB9bnD61Okv0=</latexit><latexit sha1_base64="YbmkaNjyg1rjr4dDukV7nuGBAck=">AAAB/HicbVDLSgMxFM3UV62v8bFzEyyCCy0zKj5ApejGZQXHFtqxZNJMG5pkhiQj1KH4K25cqLj1Q9z5N6btLLT1wIXDOfdy7z1BzKjSjvNt5aamZ2bn8vOFhcWl5RV7de1ORYnExMMRi2QtQIowKoinqWakFkuCeMBINeheDfzqA5GKRuJW92Lic9QWNKQYaSM17Y2zBk8uzo+cXXjgOGFwn+65/aZddErOEHCSuBkpggyVpv3VaEU44URozJBSddeJtZ8iqSlmpF9oJIrECHdRm9QNFYgT5afD6/tw2ygtGEbSlNBwqP6eSBFXqscD08mR7qhxbyD+59UTHZ74KRVxoonAo0VhwqCO4CAK2KKSYM16hiAsqbkV4g6SCGsTWMGE4I6/PEm8/dJpyb05LJYvszTyYBNsgR3ggmNQBtegAjyAwSN4Bq/gzXqyXqx362PUmrOymXXwB9bnD61Okv0=</latexit>

< µ >= 140, 3000fb�1
<latexit sha1_base64="2G2Qc03u4ThFKroMhE2Gw1hICWQ=">AAAB/nicbVBNSwMxEM3Wr1q/VgUvXoJF8KAlqwUVVIpePFZwbaFdSzbNtqHZ7JJkhbL24F/x4kHFq7/Dm//GtN2Dtj4YeLw3w8w8P+ZMaYS+rdzM7Nz8Qn6xsLS8srpmr2/cqSiRhLok4pGs+1hRzgR1NdOc1mNJcehzWvN7V0O/9kClYpG41f2YeiHuCBYwgrWRWvbWWTNMLs6dMtqHRwihwL9PD5xByy6iEhoBThMnI0WQodqyv5rtiCQhFZpwrFTDQbH2Uiw1I5wOCs1E0RiTHu7QhqECh1R56ej+Adw1ShsGkTQlNBypvydSHCrVD33TGWLdVZPeUPzPayQ6OPFSJuJEU0HGi4KEQx3BYRiwzSQlmvcNwUQycyskXSwx0SayggnBmXx5mriHpdOSc1MuVi6zNPJgG+yAPeCAY1AB16AKXEDAI3gGr+DNerJerHfrY9yas7KZTfAH1ucPkI6TcA==</latexit><latexit sha1_base64="2G2Qc03u4ThFKroMhE2Gw1hICWQ=">AAAB/nicbVBNSwMxEM3Wr1q/VgUvXoJF8KAlqwUVVIpePFZwbaFdSzbNtqHZ7JJkhbL24F/x4kHFq7/Dm//GtN2Dtj4YeLw3w8w8P+ZMaYS+rdzM7Nz8Qn6xsLS8srpmr2/cqSiRhLok4pGs+1hRzgR1NdOc1mNJcehzWvN7V0O/9kClYpG41f2YeiHuCBYwgrWRWvbWWTNMLs6dMtqHRwihwL9PD5xByy6iEhoBThMnI0WQodqyv5rtiCQhFZpwrFTDQbH2Uiw1I5wOCs1E0RiTHu7QhqECh1R56ej+Adw1ShsGkTQlNBypvydSHCrVD33TGWLdVZPeUPzPayQ6OPFSJuJEU0HGi4KEQx3BYRiwzSQlmvcNwUQycyskXSwx0SayggnBmXx5mriHpdOSc1MuVi6zNPJgG+yAPeCAY1AB16AKXEDAI3gGr+DNerJerHfrY9yas7KZTfAH1ucPkI6TcA==</latexit><latexit sha1_base64="2G2Qc03u4ThFKroMhE2Gw1hICWQ=">AAAB/nicbVBNSwMxEM3Wr1q/VgUvXoJF8KAlqwUVVIpePFZwbaFdSzbNtqHZ7JJkhbL24F/x4kHFq7/Dm//GtN2Dtj4YeLw3w8w8P+ZMaYS+rdzM7Nz8Qn6xsLS8srpmr2/cqSiRhLok4pGs+1hRzgR1NdOc1mNJcehzWvN7V0O/9kClYpG41f2YeiHuCBYwgrWRWvbWWTNMLs6dMtqHRwihwL9PD5xByy6iEhoBThMnI0WQodqyv5rtiCQhFZpwrFTDQbH2Uiw1I5wOCs1E0RiTHu7QhqECh1R56ej+Adw1ShsGkTQlNBypvydSHCrVD33TGWLdVZPeUPzPayQ6OPFSJuJEU0HGi4KEQx3BYRiwzSQlmvcNwUQycyskXSwx0SayggnBmXx5mriHpdOSc1MuVi6zNPJgG+yAPeCAY1AB16AKXEDAI3gGr+DNerJerHfrY9yas7KZTfAH1ucPkI6TcA==</latexit><latexit sha1_base64="2G2Qc03u4ThFKroMhE2Gw1hICWQ=">AAAB/nicbVBNSwMxEM3Wr1q/VgUvXoJF8KAlqwUVVIpePFZwbaFdSzbNtqHZ7JJkhbL24F/x4kHFq7/Dm//GtN2Dtj4YeLw3w8w8P+ZMaYS+rdzM7Nz8Qn6xsLS8srpmr2/cqSiRhLok4pGs+1hRzgR1NdOc1mNJcehzWvN7V0O/9kClYpG41f2YeiHuCBYwgrWRWvbWWTNMLs6dMtqHRwihwL9PD5xByy6iEhoBThMnI0WQodqyv5rtiCQhFZpwrFTDQbH2Uiw1I5wOCs1E0RiTHu7QhqECh1R56ej+Adw1ShsGkTQlNBypvydSHCrVD33TGWLdVZPeUPzPayQ6OPFSJuJEU0HGi4KEQx3BYRiwzSQlmvcNwUQycyskXSwx0SayggnBmXx5mriHpdOSc1MuVi6zNPJgG+yAPeCAY1AB16AKXEDAI3gGr+DNerJerHfrY9yas7KZTfAH1ucPkI6TcA==</latexit>
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Gluino: Sensitivity
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(a) g̃g̃
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(b) q̃q̃, decoupled g̃
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(c) q̃q̃, mg̃ = 4.5 TeV

Figure 9: Expected 95% CL exclusion contours (dashed) and 5� discovery contours (solid) for Lint =

300fb�1 (black) and 3000fb�1 (red) for gluino and squark pair-production. For squark pair-production,
the gluino mass is either (b) decoupled or (c) set to 4.5 TeV. The bands reflect the 1� uncertainty on the
production cross-section. The stepping along the diagonal in the top left figure is a non-physical e↵ect
caused by the granularity of the grid.
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mg̃ = 2(2.35) TeV, L = 300(3000)fb�1
<latexit sha1_base64="Y8kGBusX48A4mk+FlpSCxxRtF6c="></latexit><latexit sha1_base64="Y8kGBusX48A4mk+FlpSCxxRtF6c="></latexit><latexit sha1_base64="Y8kGBusX48A4mk+FlpSCxxRtF6c="></latexit><latexit sha1_base64="Y8kGBusX48A4mk+FlpSCxxRtF6c="></latexit>

m�̃0
1
= 0.9(1.1) TeV, L = 300(3000)fb�1

<latexit sha1_base64="Uzl5dVj5zsPbYSV1skdBBJ66ZnI="></latexit><latexit sha1_base64="Uzl5dVj5zsPbYSV1skdBBJ66ZnI="></latexit><latexit sha1_base64="Uzl5dVj5zsPbYSV1skdBBJ66ZnI="></latexit><latexit sha1_base64="Uzl5dVj5zsPbYSV1skdBBJ66ZnI="></latexit>

Discovery 

mg̃ = 2.35(2.95) TeV, L = 300(3000)fb�1
<latexit sha1_base64="f5w/FYjVVmUoRyUGEGAN8nJshHg="></latexit><latexit sha1_base64="f5w/FYjVVmUoRyUGEGAN8nJshHg="></latexit><latexit sha1_base64="f5w/FYjVVmUoRyUGEGAN8nJshHg="></latexit><latexit sha1_base64="f5w/FYjVVmUoRyUGEGAN8nJshHg="></latexit>

m�̃0
1
= 1.1(1.5) TeV, L = 300(3000)fb�1

<latexit sha1_base64="OwatzfcMyffF0bUiIOc/M0V2qmg="></latexit><latexit sha1_base64="OwatzfcMyffF0bUiIOc/M0V2qmg="></latexit><latexit sha1_base64="OwatzfcMyffF0bUiIOc/M0V2qmg="></latexit><latexit sha1_base64="OwatzfcMyffF0bUiIOc/M0V2qmg="></latexit>

Exclusion 



Squark: Sensitivity
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(b) q̃q̃, decoupled g̃
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(c) q̃q̃, mg̃ = 4.5 TeV

Figure 9: Expected 95% CL exclusion contours (dashed) and 5� discovery contours (solid) for Lint =

300fb�1 (black) and 3000fb�1 (red) for gluino and squark pair-production. For squark pair-production,
the gluino mass is either (b) decoupled or (c) set to 4.5 TeV. The bands reflect the 1� uncertainty on the
production cross-section. The stepping along the diagonal in the top left figure is a non-physical e↵ect
caused by the granularity of the grid.
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(b) q̃q̃, decoupled g̃
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Figure 9: Expected 95% CL exclusion contours (dashed) and 5� discovery contours (solid) for Lint =

300fb�1 (black) and 3000fb�1 (red) for gluino and squark pair-production. For squark pair-production,
the gluino mass is either (b) decoupled or (c) set to 4.5 TeV. The bands reflect the 1� uncertainty on the
production cross-section. The stepping along the diagonal in the top left figure is a non-physical e↵ect
caused by the granularity of the grid.
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mq̃ = 1.4 TeV, L = 3000fb�1
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Fig. 13: Results for the gluino-neutralino model with light flavor decays. The left [right] panel shows the 5 �

discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20% systematic uncertainty is
assumed and pile-up is not included.

an event preselection, rectangular cuts on one or more variables are optimized at each point in parameter
space to yield maximum signal significance. Specifically, we simultaneously scan a two-dimensional
set of cuts on E/T and HT , where E/T is the magnitude of the missing transverse momentum and HT is
defined as the scalar sum of jet pT . Following a standard four-jet pre-selection, the following cuts are
applied:

– E/T /
p

HT > 15 GeV1/2

– The leading jet pT must satisfy pleading
T < 0.4 HT

– E/T > (E/T )optimal

– HT > (HT )optimal

The discovery reach and limits for all several future collider scenarios in the full meg versus me�0
1

plane can be seen in Fig. 13. For a 100 TeV collider with 3000 fb

�1, the limit with massless neutralinos
is projected to be 13.5 TeV (corresponding to 60 events). The 100 TeV proton collider with 3000 fb

�1

could discover a gluino as heavy as 11 TeV if the neutralino is massless, while for me�0
1
& 1 TeV the

gluino mass reach rapidly diminishes.
A separate analysis is used to target the compressed region of parameter space of this simplified

model, where:
meg � me�0

1
⌘ �m ⌧ meg. (11)

For models with this spectrum, the search strategy of the previous section does not provide the op-
timal reach. With compressed spectra the gluino decays only generate soft partons, thereby suppressing
the HT signals and reducing the efficiency for passing the 4 jet requirement. A more effective strategy
for compressed spectra searches relies instead on events with hard initial state radiation (ISR) jets to
discriminate signal from background.

The dominant background is the production of a Z boson in association with jets, where the Z
boson decays into a pair of neutrinos (Z ! ⌫⌫), leading to events with jets and a significant amount
of missing transverse energy. Subleading backgrounds are the production of a W boson which decays
leptonically

�
W ! ` ⌫

�
in association with jets, where the charged lepton is not reconstructed properly.

Finally, when considering events with a significant number of jets, t¯t production in the fully hadronic
decay channel

�
t ! b q q0

�
can be relevant.

In this study, we will apply two different search strategies that are optimized for this kinematic
configuration and will choose the one that leads to the most stringent bound on the production cross
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Collider Energy Luminosity Cross Section Mass
LHC8 8 TeV 20.5 fb�1 10 fb 650 GeV
LHC 14 TeV 300 fb�1 3.5 fb 1.0 TeV

HL LHC 14 TeV 3 ab�1 1.1 fb 1.2 TeV
HE LHC 33 TeV 3 ab�1 91 ab 3.0 TeV
FCC-hh 100 TeV 1 ab�1 200 ab 5.7 TeV

Table 1: The first line gives the current bound on stops from the LHC 8 TeV data [106, 132]. The remaining lines
give the estimated 5� discovery reach in stop pair production cross section and mass for different future hadron
collider runs (from [131]). At 100 TeV, NLL+NLO cross sections can be used to extend the reach.

boosted top tagging may suffer from intrinsic limitations due to the nature of calorimeters [18], the
search presented here avoids specialized substructure variables and instead uses top-tagging techniques
established at the LHC. This is applied to stop searches in theory studies in [108,127–131]. Top tagging
has been used by experiments at the LHC [137, 138] in other types of searches, and from [137] we take
the efficiency of top tagging to be 50% for tops with pT > 500 GeV. From the same search we take the
fake rate to be 5% for the same pT range. There is very little data for pT > 800 GeV, but we will use
these efficiencies throughout out study, even at very high energy. The HPTTopTagger [15] study focuses
on pT > 1 TeV and finds somewhat lower tagging efficiency but also lower fake rates.

Therefore, we make the following cuts taking the efficiency from the literature:

– Require both tops decay hadronically (46%),
– Require one b-tag (70%) [139, 140],
– Require both tops pass a top tagger (25%).

We also simulate pair production of 6 TeV stops decaying to a nearly massless (1 GeV) neutralino
at a 100 TeV machine. The simulation is done at parton level with MadGraph 5 [121] and is used to
compute the efficiency for the following two cuts:

– Require that both tops have pT > 500 GeV (97%),

25

1606.00947



EWinos@100 TeV

500 1000 1500 2000 2500 3000 3500 4000
0

500

1000

1500

2000

2500

mNLSP@GeVD

m
LS
P@G

eV
D

Higgsino-Bino
L=3000êfb
1.96s

3L
OSDL
SSDL

500 1000 1500 2000 2500 3000 3500 4000
0

500

1000

1500

2000

2500

mNLSP@GeVD

m
LS
P@G

eV
D

Higgsino-Wino
L=3000êfb
1.96s

3L
OSDL
SSDL

500 1000 1500 2000 2500 3000 3500 4000
0

500

1000

1500

2000

2500

mNLSP@GeVD

m
LS
P@G

eV
D

Wino-Higgsino
L=3000êfb
1.96s

3L
OSDL
SSDL

Fig. 21: 2� exclusion bounds of NLSP electroweakinos via 3` (red-solid), OSDL (blue-dashed) and SSDL(yellow-
dotdashed) searches at a 100 TeV pp collider with 3000 fb�1. Three figures are for different NLSP-LSP combi-
nations: Higgsino-NLSP and Bino-LSP (left), Higgsino-NLSP and Wino-LSP (middle), and Wino-NLSP and
Higgsino-LSP (right). For the 5� reach, see Ref. [84].

The mass of the heaviest electroweakino is fixed to be 5 TeV. Instead of following the simplified model
approach, we take into account all predicted branching ratios of the NLSP to gauge bosons and the Higgs
with various tan � and signs of electroweakino masses. Notably, for the first three cases with Higgsino as
either the NLSP or the LSP, the branching ratios do not depend sensitively on those parameters; and the
branching ratios to the Z and the Higgs boson are always the same [160]. This is because the Higgsino
system consists of two nearly degenerate neutralinos indistinguishable at colliders and summing their
individual decays (only the sum is observable) leads to such a simple branching ratio relation. This can
be derived from the Goldstone equivalence theorem, that holds generically in these scenarios as their
mass separations are much larger than the electroweak scale, and from the Higgs alignment limit that we
know from Higgs precision data. For the case of Wino-Bino, instead, the branching ratio of the NLSP
depends sensitively on tan � and on the signs of mass parameters.

We collect the 2� exclusion bounds for the first three cases, with Higgsinos either LSP or NLSP,
in Fig. 21. We do not specify the value of tan � and signs of mass parameters since the results almost do
not depend on them. The 3` search (in red) provides the best overall sensitivity, but the SSDL (in yellow)
can provide complementary sensitivity for the region with small mass-splitting. Maximum discovery
reaches on the NLSP mass are between 1.5 and 2.3 TeV for massless LSP. The Wino-Higgsino case
shows the best reach among the three cases because the Wino NLSP production rate is twice bigger than
that of the Higgsino NLSP (see the right panel of the figure).

The results can also be interpreted to address whether thermal Dark Matter (DM) candidates of
1 TeV Higgsino or 3 TeV Wino [161–163] can be discovered or excluded via electroweakino searches
at a 100 TeV collider with 3 ab�1 of integrated luminosity. The right panel demonstrates that an LSP
Higgsino at 1 TeV can be excluded if the Wino has a mass lighter than ⇠ 3 TeV and not too close to 1
TeV. Wino DM, instead, cannot be probed with 3 ab�1 luminosity (see the middle panel of the figure).
Unfortunately, the discovery of the 1 TeV Higgsino (and 3 TeV Wino) DM with 3 ab�1 data will be
challenging (see the corresponding plots in [84]).

The discovery and exclusion reach for the last case of Wino-Bino are collected in Fig. 22. Four
representative choices of additional parameters – tan � and signs of mass parameters – are considered.
The four representative results differ significantly in the reach of the NLSP mass, in the shape of the
reach curve, and in the relative importance of Z and h boson contributions, primarily due to variations
in the NLSP branching ratios as the additional parameters change.

The upper-right panel of Fig. 22 demonstrates the importance of the Higgs boson contribution for
small tan � and µM

2

> 0; for other choices, there can be a (partial) cancellation between µ sin 2� and
M

2

terms for the Higgs partial width. In other words, if the Higgsino is much heavier than the Wino,
such cancellation does not occur, making the decay to the Higgs boson always dominate, and the result
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Fig. 21: 2� exclusion bounds of NLSP electroweakinos via 3` (red-solid), OSDL (blue-dashed) and SSDL(yellow-
dotdashed) searches at a 100 TeV pp collider with 3000 fb�1. Three figures are for different NLSP-LSP combi-
nations: Higgsino-NLSP and Bino-LSP (left), Higgsino-NLSP and Wino-LSP (middle), and Wino-NLSP and
Higgsino-LSP (right). For the 5� reach, see Ref. [84].

The mass of the heaviest electroweakino is fixed to be 5 TeV. Instead of following the simplified model
approach, we take into account all predicted branching ratios of the NLSP to gauge bosons and the Higgs
with various tan � and signs of electroweakino masses. Notably, for the first three cases with Higgsino as
either the NLSP or the LSP, the branching ratios do not depend sensitively on those parameters; and the
branching ratios to the Z and the Higgs boson are always the same [160]. This is because the Higgsino
system consists of two nearly degenerate neutralinos indistinguishable at colliders and summing their
individual decays (only the sum is observable) leads to such a simple branching ratio relation. This can
be derived from the Goldstone equivalence theorem, that holds generically in these scenarios as their
mass separations are much larger than the electroweak scale, and from the Higgs alignment limit that we
know from Higgs precision data. For the case of Wino-Bino, instead, the branching ratio of the NLSP
depends sensitively on tan � and on the signs of mass parameters.

We collect the 2� exclusion bounds for the first three cases, with Higgsinos either LSP or NLSP,
in Fig. 21. We do not specify the value of tan � and signs of mass parameters since the results almost do
not depend on them. The 3` search (in red) provides the best overall sensitivity, but the SSDL (in yellow)
can provide complementary sensitivity for the region with small mass-splitting. Maximum discovery
reaches on the NLSP mass are between 1.5 and 2.3 TeV for massless LSP. The Wino-Higgsino case
shows the best reach among the three cases because the Wino NLSP production rate is twice bigger than
that of the Higgsino NLSP (see the right panel of the figure).

The results can also be interpreted to address whether thermal Dark Matter (DM) candidates of
1 TeV Higgsino or 3 TeV Wino [161–163] can be discovered or excluded via electroweakino searches
at a 100 TeV collider with 3 ab�1 of integrated luminosity. The right panel demonstrates that an LSP
Higgsino at 1 TeV can be excluded if the Wino has a mass lighter than ⇠ 3 TeV and not too close to 1
TeV. Wino DM, instead, cannot be probed with 3 ab�1 luminosity (see the middle panel of the figure).
Unfortunately, the discovery of the 1 TeV Higgsino (and 3 TeV Wino) DM with 3 ab�1 data will be
challenging (see the corresponding plots in [84]).

The discovery and exclusion reach for the last case of Wino-Bino are collected in Fig. 22. Four
representative choices of additional parameters – tan � and signs of mass parameters – are considered.
The four representative results differ significantly in the reach of the NLSP mass, in the shape of the
reach curve, and in the relative importance of Z and h boson contributions, primarily due to variations
in the NLSP branching ratios as the additional parameters change.

The upper-right panel of Fig. 22 demonstrates the importance of the Higgs boson contribution for
small tan � and µM

2

> 0; for other choices, there can be a (partial) cancellation between µ sin 2� and
M

2
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nations: Higgsino-NLSP and Bino-LSP (left), Higgsino-NLSP and Wino-LSP (middle), and Wino-NLSP and
Higgsino-LSP (right). For the 5� reach, see Ref. [84].

The mass of the heaviest electroweakino is fixed to be 5 TeV. Instead of following the simplified model
approach, we take into account all predicted branching ratios of the NLSP to gauge bosons and the Higgs
with various tan � and signs of electroweakino masses. Notably, for the first three cases with Higgsino as
either the NLSP or the LSP, the branching ratios do not depend sensitively on those parameters; and the
branching ratios to the Z and the Higgs boson are always the same [160]. This is because the Higgsino
system consists of two nearly degenerate neutralinos indistinguishable at colliders and summing their
individual decays (only the sum is observable) leads to such a simple branching ratio relation. This can
be derived from the Goldstone equivalence theorem, that holds generically in these scenarios as their
mass separations are much larger than the electroweak scale, and from the Higgs alignment limit that we
know from Higgs precision data. For the case of Wino-Bino, instead, the branching ratio of the NLSP
depends sensitively on tan � and on the signs of mass parameters.

We collect the 2� exclusion bounds for the first three cases, with Higgsinos either LSP or NLSP,
in Fig. 21. We do not specify the value of tan � and signs of mass parameters since the results almost do
not depend on them. The 3` search (in red) provides the best overall sensitivity, but the SSDL (in yellow)
can provide complementary sensitivity for the region with small mass-splitting. Maximum discovery
reaches on the NLSP mass are between 1.5 and 2.3 TeV for massless LSP. The Wino-Higgsino case
shows the best reach among the three cases because the Wino NLSP production rate is twice bigger than
that of the Higgsino NLSP (see the right panel of the figure).

The results can also be interpreted to address whether thermal Dark Matter (DM) candidates of
1 TeV Higgsino or 3 TeV Wino [161–163] can be discovered or excluded via electroweakino searches
at a 100 TeV collider with 3 ab�1 of integrated luminosity. The right panel demonstrates that an LSP
Higgsino at 1 TeV can be excluded if the Wino has a mass lighter than ⇠ 3 TeV and not too close to 1
TeV. Wino DM, instead, cannot be probed with 3 ab�1 luminosity (see the middle panel of the figure).
Unfortunately, the discovery of the 1 TeV Higgsino (and 3 TeV Wino) DM with 3 ab�1 data will be
challenging (see the corresponding plots in [84]).

The discovery and exclusion reach for the last case of Wino-Bino are collected in Fig. 22. Four
representative choices of additional parameters – tan � and signs of mass parameters – are considered.
The four representative results differ significantly in the reach of the NLSP mass, in the shape of the
reach curve, and in the relative importance of Z and h boson contributions, primarily due to variations
in the NLSP branching ratios as the additional parameters change.

The upper-right panel of Fig. 22 demonstrates the importance of the Higgs boson contribution for
small tan � and µM

2

> 0; for other choices, there can be a (partial) cancellation between µ sin 2� and
M

2

terms for the Higgs partial width. In other words, if the Higgsino is much heavier than the Wino,
such cancellation does not occur, making the decay to the Higgs boson always dominate, and the result
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Not so sensitive to tan beta and 
relative sign

Reach ~1.5 - 2.3 TeV
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Fig. 22: 5� discovery reach (solid) and 95%CL exclusion (dashed) for the case of Wino-NLSP and Bino-LSP with
3 ab�1 at a 100 TeV pp collider. Four representative choices of tan � and signs of mass parameters are shown.
All multilepton channels are combined, but the 3` search contributes most. The contributions from intermediate
Z(blue) or h(red) are separately shown to see the effects of NLSP branching ratios. For more results with different
choices of the parameters, see Ref. [84].

becomes similar to the upper-right panel. This effect is studied more extensively in Ref. [164–166].
When the branching ratio to the Higgs boson dominates, the reach is relatively low because multi-lepton
signals via the Higgs boson are suppressed by the small Higgs! WW/ZZ !multileptons branching
ratios.

Other features of the curves in Fig. 22 are driven by the branching ratio to Z bosons, which depends
on mass and other model parameters. A detailed discussion of the reach is provided in Ref. [84]. In the
optimal case, with almost 100% branching ratio to the Z boson, as in the lower-left panel, multilepton
signals can enable the discovery of NLSPs with mass up to about 3 TeV for massless LSP with 3 ab�1.

Multilepton events with small angular separation between the leptons is a common feature of
multi-TeV electroweakino production. Such events are outside of the acceptance for isolated-lepton
searches, but relaxing the requirements on lepton separation in R can significantly improve the accep-
tance for high-mass signals. For example, the luminosity needed to probe a 3.5 TeV Wino is reduced by
a factor of two for �R(`, `) > 0.05 compared to �R(`, `) > 0.1. Searches for an NLSP heavier than
3 TeV, which often produces collimated leptons, are also significantly improved by retaining events with
near-by leptons. This should be an important consideration for the design of the detectors at future pp
colliders.

In summary, a 100 TeV pp collider, even with just 3 ab�1 of integrated luminosity, can signifi-
cantly improve the reach for electroweakinos compared to the LHC. This provides an important probe
of SUSY even in the difficult scenario in which the colored superpartners are heavy. Of course, even if
SUSY is discovered in other search channels, the discovery and studies of electroweakinos are crucial
in understanding the nature of SUSY breaking. Finally, even though the study presented here is in the
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Outlook

Gluinos/squarks/EWinos are constrained in SMS, 
More data are waiting to be analysed.

HE/HL data will exclude more mass range, may be ‘
More useful, if we see some signal before it starts

100 TeV collider can probe SUSY upto 10 TeV

Model specific interpretation are needed, to draw conclusion.
More work needed.



Remarks

Finally, SUSY is dead or alive, 
depends on perception.  

May be SUSY exists, but in different avatar.
Fresh idea…



1 Introduction

This document presents several summary plots from the SUSY group, new or updated in November 2018.

2 Inclusive/Strong Production

These figures have been updated to include the results of the summer CONF note ATLAS-CONF-2018-041,
which used 80 fb�1 of data. They have also been updated to include the phrase “All limits at 95% CL” on
the face of the figure. All of the captions are unchanged.
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Figure 1: Exclusion limits at 95% CL based on 13 TeV data in the (gluino, lightest neutralino) mass plane for di�erent
simplified models featuring the decay of the gluino to the lightest supersymmetric particle (lightest neutralino or
gravitino) either directly or through a cascade chain featuring other SUSY particles with intermediate masses. For
each line, the gluino decay mode is reported in the legend and it is assumed to proceed with 100% branching ratio.
Some limits depend on additional assumptions on the mass of the intermediate states, as described in the references
provided in the plot.

2

3 Third Generation

Three new third-generation summary plots are included here. They show a summary of stop decays
with di�erent electroweakino configurations, and di�erent sbottom limits for di�erent decay modes and
branching fractions.
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Figure 5: Exclusion limits at 95% CL in the (lightest stop, lightest neutralino) mass plane for direct stop production.
Di�erent assumptions regarding the lightest (LSP) and next to lightest supersymmetric particle (NLSP) are shown. In
the wino model, the wino mass eigenstates ( �̃±1 , �̃0

2) are twice as heavy as the bino. The results are shown separately
for a positive and a negative higgsino mass parameter (µ > 0 and µ < 0), as this influences the �̃0

2 decay branching
ratios. The pure wino limit from the ATLAS electroweak jigsaw analysis is also shown in yellow for the same
hypothesis on the wino mass eigenstates. The higgsino LSP scenario assumes a mass-splitting amongst the higgsino
mass eigenstates (�0

2, �±1 and �0
1) of 5 GeV. The results are shown separately for di�erent stop left-right mixing,

as this influences the t̃1 decay branching ratios. The pure higgsino limit from the ATLAS electroweak search in
scenarios with compressed mass spectra is also superimposed in dark green. The open contours indicate regions of
the mass plane not yet explored for that hypothesis.
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Figure 6: Exclusion limits at 95% CL in the (lightest sbottom, lightest neutralino) mass plane for direct sbottom
production. The lightest neutralino ( �̃0

1) is assumed to be the lightest SUSY particle (LSP). Several di�erent decay
scenarios are shown, along with di�erent parameterizations of the intermediate particles in the models.
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