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What Characterizes Exotics Searches?

No precise model to guide us

Standard Model:
Predicted Higgs boson
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Phys. Lett. B 716 (2012) 1-29

Phys. Lett. B 716 (2012) 30-61

No unified parameter phase space

Supersymmetry Searches:

Status: May 2017
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Exotics Searches

= Cover wide range of final states U N K“OWN o

?.m/wu«q

S UMANPETS!
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= Cover vast range of models

= Largely model independent
= Look for resonances
= Look for any disagreement

C. Issever, University of Oxford
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The Role of Models in “most” Exotics Searches
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The Role of Models in “most” Exotics Searches
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Exploration range of LHC by mid 2015

ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary

Status: July 2015 [Ldt = (47 -20.3) fb? Vs=7,8TeV
miss _ .
Model ty Jets ET [t Limit Reference
T T — T T T — T T T —T

ADD Gk +g/q - 21j Yes 203 n=2 1502.01518

ADD non-resonant ££ 2e,u - - 20.3 n=3HLZ 1407.2410
ADDQBH — fg 1eu 1] = 203 n=6 1311.2006

£  ADDQBH - 2j - 20.3 n=6 1407.1376
i=] ADD BH high N 2 u(8S) = = 20.3 n =6, Mp = 3 TeV, non-rot BH 1308.4075
Q:D ADD BH high ¥, pt n =6, Mp =3 TeV, non-rot BH 1405.4254
ADD BH high multijet 1 1 n =6, Mp = 3 TeV, non-rot BH 1503.08988

£ oot Extra Dimensions L
®  RS1Gkx vy . e kiMp =0.1 1504.05511
5 Bulk RS Gyx — ZZ — qqtt 2e.u 2j/14J - 20.3 kiMpr =10 1409.6190
Bulk RS Gkx — WW — qqiv lepu 2j/1J  Yes 203 kiMp =1.0 1503.04677

Bulk RS Gkx — HH — bbbb - 4b - 19.5 | Gkk mass 500-7200GEVH kMg =10 1506.00285

Bulk RS gxy — tt e 21b,21J12] Yes 203 BR = 0.825 1505.07018
2UED/RPP 2e,u(SS) 21b,21] Yes 203 1504.04605

SSM Z' — ££ 2e,pu - - 203 1405.4123

& SSM Z' —» 11 27 - - 19.5 1502.07177
o SSM W’ — #u 1e.u — Yes 20 3 1407.7484
E EGM W' — 3 1406.4456
EGM W’ 1409.6190

s v~ New Gauge Bosons :
('g HVT W' — vwin — tvoo Ve cu s cu.d 1503.08089
LRSM W, — tb Tep 2b,0-1] Yes 203 1410.4103

LASM W, — tb Oe,pu >1b,1J = 203 1408.0886

— Cl qqqq . . 17.3 1504.00357
8 cw: ~New interactions == mu=-1 1407.2410
Cl uutt e [Cul=1 1504.04605

= EFT D5 operator (Dirac) Oep 3 k S 974GeV at 80% GL for m(y) < 100 GeV 1502.01518
O EFT D9 operator (Dirac) Oeu 14, Da r M atte r o 24Tev at 90% CL for m(x) < 100 GeV 1309.4017
o Scalar LC 2 - 20.3 B=1 Preliminary
=3 Scalar LG p _Q k 2j = 20.3 p=1 Preliminary
Scalar LC Le to u a r s 23] Yes 20.3 B=0 Preliminary
VLQTT - Ht+ X leuw >2h>30 Voo 2n.3 T in (T,B) doublet 1505.04306

28 vayy s wp+x H ).3 Yin (8.Y) doublet 1505.04306
® VLQ BB — Hb+ X Q k ).3 isospin singlet 1505.04306
§ 8- VLA BB — Zb+ X e avy u a r S ).3 Bin (B,Y) doublet 1409.5500
Tsz — Wt e 210,23 Yes 20.3 1503.05425

¢ Excited quark g* — o 1+ 1i — 20 1 only u* and d*, A = m(q") 1309.3230
B S Excited quark g* — . ) only u* and d*, A = m(g") 1407.1376
‘'S € Excited quark b° . left-handed coupli 1301.1583
g5 comao - Excited Fermions  fore 870 Gev ki cxpar 1ot 180
Excited lepton v* —'vvv, ve St - - v A=16TeV 1411.2921

LSTC ay — Wy leu 1y - Yes 20.3 1407.8150

LRSM Majorana v i - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020

. Higgstriplet H=* — ¢2 h - 203 DY production, BR(H* — ££)=1 1412.0237
§ Higgs triplet H** — £r Ot e r = 20.3 DY production, BR{H;* — £1)=1 1411.2921
Monotop (non-res prod) b Yes 203 3non-res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |g| = 5e 1504.04188
Magnetic monopoles - = = 7.0 DY production, |g| = 1gp. spin 1/2 Preliminary

L 1 1 11 1 I 'l L 1 L

*Only a selection of the available mass limits on new states or phenomena is shown.

10 Mass scale [TeV]



Exploration range of LHC by mid 2015

ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary

Status: July 2015 1 Tev J 10 Tev -1 Vs=7,8TeV

miss _1 P
Model ty Jets ET™ [rdt[fb] Limit Reference
T T — T T — T T T T T —T

ADD Gk +g/q - 21j Yes 203 n=2 1502.01518

ADD non-resonant ££ 2e,u - - 20.3 n =3 HLZ 1407.2410
ADDQBH — fg 1eu 1] = 203 n=6 1311.2006

£  ADDQBH - 2j - 20.3 h=6 1407.1376
S ADD BH high N 2 u(8S) — — 20.3 n = 6, Mp = 3 TeV, non-rot BH 1308.4075
Q:D ADD BH high ¥, pt n = 6, Mp = 3 TeV, non-rot BH 1405.4254
ADD BH high multijet 1 1 n = 6, Mp = 3 TeV, non-rot BH 1503.08988

E e Extra Dimensions [ e
[ RS1 Gkx — vy . —— Mg =0.1 1504.05511
5 Bulk RS Gyx — ZZ — qqtt 2e.u 2j/14J - 20.3 IMpr =10 1409.6190
Bulk RS Gkx — WW — qqiv lepu 2j/1J  Yes 203 [Mp =10 1503.04677

Bulk RS Gx — HH — bbbb - 4b - 19.5 Gy mass 500-7200GEV My =10 1506.00285

Bulk RS gy — tt 1eu =1b,21J/2 Yes 203 BR = 0.925 1505.07018
2UED/RPP 2e,u(SS) 21b,21] Yes 203 1504.04605

SSM Z' — ¢ 2e,pu - - 203 |[EEEEE— 1405.4123

& SSM Z' —» 11 27 - - 19.5 1502.07177
o SSM W’ — #u 1e.u — Yes 20 3 1407.7484
E EGM W' — 3 1406.4456
g v - New Gauge Bosons : oo
& eomw - 3 5Tl
('g HVT W' — vwin — tvoo Ve cu s cu.d gy =1 1503.08089
LRSM W, — tb Tep 2b,0-1] Yes 203 1410.4103

LASM W, — tb Oe,pu >1b,1J = 203 1408.0886

- Cl gqqq o o 17.3 qL=-1 1504.00357
S cwe  New interactions = s B e -

uw Ll = A
=  EFT D5 operator (Dirac) Oe,u = k bt 90% GL for m(x) < 100 GeV 1502.01518
Q EFT D9 operator (Dirac) Oeu 14, Da r M atte r bt 90% CL for m(x) < 100 GeV 1309.4017
Scalar LC 2 - 20.3 b=1 Preliminary
Q p _——- -

=3 Scalar LG p _Q k 2 = 20.3 b=1 Preliminary
Scalar LC Le to u a r s >3] Yes 20.3 B=10 Preliminary
VLQTT - Ht+ X leuw >2h>30 Voo 2n.3 in (T,B) doublet 1505.04306

§~$§’ VLQYY - Wb+ X H ).3 in (B,Y) doublet 1505.04306
®© VLQBB—o Hb+ X Q k ).3 sospin singlet 1505.04306
§ 8- VLQ BB - Zb+ X e avy u a r S .3 B in (B,Y) doublet 1409.5500
Tsz — Wt e 210,23 Yes 20.3 1503.05425

¢ Excited quark g* — o 1+ 1i — 20 1 brily ™ and d*, A = m(q") 1309.3230
B § Excited quark g — . ) brly u* and d*, A = m(q") 1407.1376
1 Excited quark b* — d m b* mass 870 GeV eft-handed coupling 1301.1583
g E Excited lepton £* — EXCIte Fe r I 0 n S =22TeV 1308.1364
Excited lepton v* —'vvv, ve St - - v =1.6TeV 1411.2921

LSTC ay — Wy leu 1y - Yes 20.3 1407.8150
LRSM Majorana v i - 20.3 (W) = 2.4 TeV, no mixing 1506.06020

_  Higgstriplet H= — £¢ O h _ 20.3 DY production, BR(H}* — ££)=1 1412.0237
5 Higas triplet H** — £r t e r' _ 203 DY production, BR(H;* — £1)=1 1411.2021
8 Monotop (non-res prod) > Yes 203 bron-res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |g| = 5e 1504.04188
Magnetic monopoles - = = 7.0 DY production, |g| = 1gp, spin 1/2 Preliminary

1 1 1l I ' 'l Nl 'l L - | 'l Nl L 1 'l i1 1 'l L 1 L
10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.




Exploration range of LHC by mid 2015

ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary

Status: July 2015 1 Tev J 10 Tev -1 Vs=7,8TeV

miss _ .
Model ty Jets ET [t Limit Reference
T T — T T — T T T T T —T

ADD Gk +g/q - 21j Yes 203 n=2 1502.01518
ADD non-resonant ££ 2e,u - - 20.3 n =3 HLZ 1407.2410
ADDQBH — fg 1eu 1] = 203 n=6 1311.2006
£  ADDQBH - 2j - 20.3 h=6 1407.1376
S ADDBH high Ney 24 (SS) _ ~ 203 | n = 6, Mp = 3 TeV, non-rot BH 1308.4075
Q:D ADD BH high ¥, pt n = 6, Mp = 3 TeV, non-rot BH 1405.4254
ADD BH high multijet 1 1 n = 6, Mp = 3 TeV, non-rot BH 1503.08988
E e Extra Dimensions [ e
®  RS1Gkx vy . e Mg =0.1 1504.05511
5 Bulk RS Gyx — ZZ — qqtt 2e.u 2j/14J - 20.3 IMpr =10 1409.6190
Bulk RS Gkx — WW — qqiv lepu 2j/1J  Yes 203 [Mp =10 1503.04677
Bulk RS Gkx — HH — bbbb - 4b - 19.5 | Gkk mass 500-7200GEVH My =10 1506.00285
Bulk RS gxy — tt e 21b,21J12] Yes 203 R =0.925 1505.07018
2UED/RPP 2e,u(SS) 21b,21] Yes 203 1504.04605
SSM Z' — ££ 2e,pu - - 203 1405.4123
& SSM Z' —» 11 27 - - 19.5 1502.07177
o SSM W’ — #u 1e.u — Yes 20 3 1407.7484
E EGM W' — 3 1406.4456
EGM W' — 3 1409.6190

©
s . New Gauge Bosons : 5
('g HVT W' — vwin — tvoo Ve cu s cu.d v=1 1503.08089
LRSM W, — tb Tep 2b,0-1] Yes 203 1410.4103
LASM W, — tb Oe,pu >1b,1J = 203 1408.0886
— Cl qqqq . . 17.3 1504.00357
S cw:  New interactions =s
Cl uutt 1504.04605
=  EFT D5 operator (Dirac) Oe,u = k t80% CL for mi(, < 100 GeV 1502.01518
Q EFT D9 operator (Dirac) Oeu 14, Da r M atte r t 90% Gl Lir(x) < 100 GeV 1309.4017
o Scalar LC 2 - 20.3 =1 Preliminary
=3 Scalar LG p _Q k 2j = 20.3 =1 Preliminary
Scalar LC Le to u a r s >3] Yes 20.3 =0 Preliminary
VLQTT - Ht+ X leuw >2h>30 Voo 2n.3 in (T,B) doublet 1505.04306
§~$§’ VLQYY - Wb+ X H ).3 in (B,Y) doublet 1505.04306
® VLQ BB — Hb+ X Q k .3 0spin singlet 1505.04306
§ 3 VLQ BB - Zb+ X e avy u a r S .3 in (B,Y) doublet 1409.5500
Tsz — Wt e 210,23 Yes 20.3 1503.05425
¢ Excited quark g* — o 1+ 1i — 20 1 nly u” and d*, A = m(q") 1309.3230
B S Excited quark g* — . ) nly u* and d*, A = m(q") 1407.1376
§§ comu . Excited Fermions |z ooy
Excited lepton v* —'vvv, ve St - - v =1.6TeV 1411.2921
LSTC ay — Wy le w1y - Yes 203 |armass 960 GeV 1407.8150
LRSM Majorana v i - 20.3 (W) = 2.4 TeV, no mixing 1506.06020
. Higostriplet H= - ¢¢ h - 203 production, BR(H* —» £6)=1 14120237
§ Higgs triplet H** — 1 Ot er - 20.3 production, BR(H* — £1)=1 1411.2021
Manatop (non-res prod) > Yes 203 nan-res = 0.2 1410.5404
Multi-charged particles - - - 20.3 preduction, |g| = 5e 1504.04188
Magnetic monopoles - = = 7.0 production, |g| = 1gp, spin 1/2 Preliminary

1 1 1l I ' 'l Nl 'l L - | 'l Nl L 1 'l i1 1 'l L 1 L
10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.




Exploration range of LHC by mid 2015

ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary

Status: July 2015 1 Tev | 10 Tev -1 Vs=7,8TeV
miss _ .
Model ty Jets ET [t Limit Reference
T T — T T — T T —T

ADD Gkk +&/9 - 21j Yes 203 TeV n=2 1502.01518
ADD non-resonant ££ 2e,u - - 20.3 Tev n=3HLZ 1407.2410
ADD QBH — {g 1epu 1j - 20.3 2TeV n=6 1311.2006
£  ADDQBH - 2j - 20.3 5.82 TeV h=6 1407.1376
S ADDBH high Ny 2 4 (SS) - - 203 7TeV n = 6, Mp = 3 TeV, non-rot BH 1308.4075
Q:D ADD BH high ¥, p1 . 58TeV n = 6, Mp = 3 TeV, non-rot BH 1405.4254
ADD BH high multijet 1 1 . 58TeV n = 6, Mp = 3 TeV, non-rot BH 1503.08988
£ oot Extra Dimensions e
[ RS1 Gkx — vy . —— Mg =0.1 1504.05511
5 Bulk RS Gyx — ZZ — qqtt 2e.u 2j/14J - 20.3 IMpr =10 1409.6190
Bulk RS Gkx — WW — qqiv lepu 2j/1J  Yes 203 [Mp =10 1503.04677
Bulk RS Gkx — HH — bbbb - 4b - 19.5 | Gkk mass 500-7200GEVH My =10 1506.00285
Bulk RS gxy — tt e 21b,21J12] Yes 203 R =0.925 1505.07018
2UED/RPP 2e,u(SS) 21b,21] Yes 203 1504.04605
SSM Z/ — ¢¢ 2e,u - - 20.3 1 1405.4123
& SSM Z' —» 11 27 - - 19.5 1502.07177
o SSM W' — #v 1eu — Ves 203 W 1407.7494
E EGM W' — 3 1406.4456
EGM W' — 3 1409.6190

©
5 vn . New Gauge Bosons ¢ 5
('g HVT W' — vwin — tvoo Ve cu s «.d  |EESSSI—— v=1 1503.08089
LRSM W, — tb 1eu 2b,0-1j]  Yes 20.3 1410.4103
LASM W, — tb Oe,pu >1b,1J = 203 1408.0886
_  Clgqqq . . 17.3 ey 4 1504.00357
& cwe New interactions == -— A mik= -1 1407.2410
Cl uutt TeV 1504.04605
=  EFT D5 operator (Dirac) Oe,u = k t80% CL for mi(, < 100 GeV 1502.01518
Q EFT D9 operator (Dirac) Oeu 14, Da r M atte r t 90% Gl Lir(x) < 100 GeV 1309.4017
o Scalar LC 2 - 20.3 =1 Preliminary
=3 Scalar LG p _Q k 2j = 20.3 =1 Preliminary
Scalar LC Le to u a r s >3] Yes 20.3 =0 Preliminary
VLQTT - Ht+ X 1o  >2h >0 Voe 2n.3 in (T,B) doublet 1505.04306
§~$§’ VLQYY - Wb+ X H ).3 in (B,Y) doublet 1505.04306
® VLQ BB — Hb+ X Q k .3 0spin singlet 1505.04306
§ 3 VLQ BB - Zb+ X e avy u a r S .3 in (B,Y) doublet 1409.5500
Tsz — Wt e 210,23 Yes 20.3 1503.05425
¢ Excited quark g* — o 1+ 1i — 20 1 nly u” and d*, A = m(q") 1309.3230
B S Excited quark g* — . ) nly u* and d*, A = m(q") 1407.1376
§§ comu . Excited Fermions |z ooy
Excited lepton v* —'vvv, ve St - - v =1.6TeV 1411.2921
LSTC ay — Wy leu 1y - Yes 20.3 1407.8150
LRSM Majorana v i - 20.3 (W) = 2.4 TeV, no mixing 1506.06020
. Higostriplet H= - ¢¢ h - 203 production, BR(H* —» £6)=1 14120237
§ Higgs triplet H** — £r Ot e r = 20.3 production, BR{H;* — £1)=1 1411.2921
Monotop (non-res prod) b Yes 203 non-res = 0.2 1410.5404
Multi-charged particles - - - 20.3 preduction, |g| = 5e 1504.04188
Magnetic monopoles - = = 7.0 production, |g| = 1gp, spin 1/2 Preliminary

1 - I ' 1 1 1 1 - 1 L 1 1 11 1 'l L 1 L

1071 1

*Only a selection of the available mass limits on new states or phenomena is shown.

10 Mass scale [TeV]



Exploration Range of the LHC by mid 2017

ATLAS Exotics Searches™* - 95% CL Upper Exclusion Lim ™~ ATLAS Preliminary

Status: July 2017 1 Tev IL' 10 Tev \s=8,13TeV
o miss = ..
Model £y Jetst ET™ [rdm) Limit Reference
LI | T T T LI B T T T ™ T 1T\ T T T T
o ADD Gyx +g/q Oe,p 1-4j  Yes  36.1 7 5TeV n=2 ATLAS-CONF-2017-060
S ADD non-resonant yy, 2y — — 36 7 8.6 TeV n=3HLZNLO CERN-EP-2017-132
2  ADD QBH . . 89TeV | n=6 1703.00217
ADD BH high T pr E D m 82TeV [ n=6 Mp=3TeV,rot BH 1606.02265
é ADD BH multijet Xt ra I e n S I 0 n S 9.55 TeV@ ' = 6, Mp = 3 TeV, rot BH 1512.02586
g RS1 Gyx — yy 2y - - 36./ /Mg = 0.1 CERN-EP-2017-132
i Bulk RS Gy — WW — gqglv lenu 14 Yes  36.1 (Mp = 1.0 ATLAS-CONF-2017-051
2UED/RPP lew 22b23] Yes 132 ar (1,1), B(AY & tr) = 1 ATLAS-CONF-2016-104
SSM Z' - (f 2ep - - 36.1 45T / ATLAS-CONF-2017-027
0 SSM Z' - 1 2T - - 36.1 ATLAS-CONF-2017-050
&  Leptophobic 7/ — bb - oh - a2 1603.08791
§ Leptophobi 2 Mon=3% ATLAS-CONF-2016-014
@ | SSMW’ — New Gauge Bosons 1 5. TeV 1706.04786
S HVTV - 7 g =3 CERN-EP-2017-147
g HVT V' — WH/£H model B multi-channel 36.1 g =3 ATLAS-CONF-2017-055
LRASM W, — tb leu 2b,0-1j  Yes 20.3 1410.4103
LRSM W, — tb Qe u >1b,1J - 20.3 1408.0886
_ | Clagag . . 37.0 21.8TeV 1703.09217
S  Clilgg N 36.1 404 TeV' n, | | ATLAS-CONF-2017-027
@v«  New interactions = m »
s Axial-vector mediator (Dirac DM) Oe,pu 1-4 5 TeV =025, g,=1.0, m(y) < 477 eV | ATLAS-CONF-2017-060
= Vector mediator (Dirac DM) Oepu 1y <1j D a rk M atte r 8q=U.ee, ] ., - 480 GeV 1704.03848
VVyy EFT (Dirac DM) Oe,u 14J, <! 700 GeV ‘m()() < 150 GeV 1608.02372
o Scalar LQ i - 3.2 LQ mass 1.1 Te =1 1605.06035
S Scalarl@ L p _Q k j - 32 |LQmass 1.05 Te p-1 1605.06035
Scalar LQ e to u a r S >3] Yes 20.3 =0 1508.04735
) VLQTT — Ht+ X Oorlepu 22b, 23] Yes 13.2 T mass B(T — Ht)=1 ATLAS-CONF-2016-104
3 VIQTT — Zt + X : . o 1 T mass 1.16 B(T—2t)=1 1705.10751
[}
3 VLQ TT — Wb+ X 1 T mass 1.38TeV B(T - Wb) =1 CERN-EP-2017-094
T VQBB— Hb+ X H e avy QU d rkS 3 B(B — Hb) — 1 1505.04306
§ VLQ BB — Zb+ X 3 B(B - Zb) =1 1409.5500
T VLQ BB — Wt + X lepu =1b,21J/2j Yes 36.1 B mass 1. =V B(B— Wit)=1 CERN-EP-2017-094
VLA QQ — WqWgq 1eu =4]j Yes 20.3 1509.04261
Excited quark g* — qg - 2j - 37.0 q" mass 6.0 TeV only u” and d*, A = m(q") 1703.09127
E 8 Excited quark q" - 7 | a"mass 5.3 TeV only u” and d*, A = m(q") CERN-EP-2017-148
=.9 Excited quark b" . . 3 | b* mass ATLAS-CONF-2016-060
E E Excited quark b" - EXCItEd Ferl l IlonS 3 fp=fi=fhR=1 1510.02664
£ Excited lepton * 3 A=3.0TeV 1411.2921
Excited lepton v* Seurt - - 20.3 A =1.6TeV 1411.2921
LRSM Majorana » 2epu 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
Higgs triplet H=* — £ - 36.1 H*% mass 870 GeV DY production ATLAS-CONF-2017-053
E Higgs triplet H** — {1 h 20.3 DY production, B(H* — (1) =1 1411.2921
g Monotop (non-res prod) Ot e r ] Yes 203 anan—res = 0.2 1410.5404
Multi-charged particles - 20.3 DY production, |g| = 5e 1504.04188
Magnetic monopales - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059
s L PR T S TR L PR T

P | L L

*Only a selection of the available mass limits on new states or phenomena is shown.

(;igdem issever Mass scale [TeV]

tSmall-radius (large-radius) jels are denoted by the letter j (J).
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At the beginning of our journey

~ 35 fb* data analysed
1% of what LHC + HL-LHC will deliver

Cigdem issever



Two new windows to probe nature...

Top-quark (1995, Tevatron)
Higgs boson (2012, LHC)

Our “gravitational waves”....

Cigdem issever
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Comment about the selection of results

Focus on one topic

ATLAS Public Exotics Results are HERE
CMS Public Exotics Results are HERE
LHCb Public Exotics Results are HERE

Cigdem issever
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_QEE.html




VAN ALBADA ET AL.

Strong Evidence... I

150

100

Ve (km/s)

Illlll[llllll]lj

disk -
Galatic rotation *
Dov 1 1 i 1 llo 1 1 1 1 2|0] 1 1 1 3'0 1 L 1 1 4'(, 1 1 1 1 50
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SRR
5 3oo§:| } Cosmic Microwave Background h[ 30

-600 E L 3-60
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What we know about Dark Matter

luminous matter

Atoms
Dark
4.9% Energy
Dark 68.3%
Matter
26.8%

TODAY

dark matter halo

Strong astrophysical evidence for the existence of dark matter

Cigdem issever
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What we know about Dark Matter

= Massive

" Non-relativistic (slow)

" Long lived (old)

" No electric or colour charge

" Very weakly interacting with ordinary matter
= Subject to gravity interactions

Cigdem issever
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Dark Matter (DM)

DM

interaction with

SM

DM

SM

Cigdem issever

ordinary matter (SM)
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Experimental detection of Dark Matter

DM

DM

—

“break it”: indirect detection

Cigdem issever

Photons from
Galactic Centre
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Experimental detection of Dark Matter

DM SM

“shake it”
direct detection

x° Dark Matter

(mass ~ GeV — TeV)
DM SM -

Cigdem issever 20



Experimental detection of Dark Matter

“make it”: Collider Production

DM SM

DM SM

Cigdem issever 21



Dark Matter at Collider: Simplified Model

“make it”
q DM
9q 9x
Mediator
q DM

g, and g, coupling strengths

Cigdem issever
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Dark Matter at Collider: Simplified Model

“make it”
q DM
Yq 9x
Mediator
q DM

g, and g, coupling strengths Empty detector

Cigdem issever



Dark Matter at Collider: Simplified Model

“make it”




Dark Matter at Collider: Simplified Model

“make it”

Empty detector + something

EIDISS 4 X



Simplified Model

SM - mediator » DM

SM - mediator » SM

Cigdem issever
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Simplified Model

SM - mediator » DM SM - mediator » SM

q DM
—->Mono-X signature —>resonant production

E7’Tli55+ jet, W/Z/H, v, ... Dijet, ditop, dilepton.....

Cigdem issever



Simplified Model

SM - mediator » DM

DM

q
—>Mono-X signature
E7'"°+ jet, W/Z/H, v, ...

SM - mediator » SM

—>resonant production
Dijet, ditop, dilepton.....

Charge Q=0 for s-channel

Scalar gq%zyfff

Lorentz 7

structure

Coupling o< mass

iA _ . s
Pseudoscalar ngnyfvf’f Axial-vector 94> Au@"7’q
f q

Vector 94 ) Vudr"q

q

o charge



Mono-X Searches

Cigdem issever
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Mono-jet

ETmiss

. Jet
‘9

= S0 L == L I L B L B B BN LN B
3 ATLAS Preliminary _ @ Daa2015+2016

5 10° 4 “445¢ Standard Model

"ue; Vs=13TeV, 36.1 b B Z(— ) +jets

Z 10° = Signal Region e B W ) +jets

= p,(11)>250 GeV, E ">250 GeV 0 Z(= 1) + jets

Eid- 10* I (i + single top

) ATLAS-CONF-2017-060 mmmm pibosons
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m(b, 1)) = (500, 495) GeV
(M M= (400, 1000) GeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-060/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-048/index.html

Mono-jet

Axial-vector mediator

ATLAS-CONF-2017-060

;‘ T T T T ] T T T T I T T T
oz imit +
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-060/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-048/index.html

Mono-Higgs

CMS-PAS-EXO-16-054

35.9 b (13 TeV)

- CMS Preliminary

- DM+H(yy)
—50 GeV < p"** < 130 GeV

Events/ [2 GeV]

+ Data

--------- Non-Res Background Pdf

- + 1 sid. dev.

+ 2 std. dev.

——— SM Higgs Contribution

Total Background Pdf

$TTE

L 1 1 1
OIIIIIIIIIII|l|IIIIIIIIIIIIIIIIIIIIIII

110 120 30 140 150 160 170 180
m,, [GeV]
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ETmiss
A

Higgs
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-054/index.html

MO“O'Higgs CMS-PAS-EXO-16-054 Higgs Y

) 4
ETmlss
CMS FPreliminary 35.9 (13 TeV) &

e = '
= = = === 2 baryonic: gq =0.25, m, = 1 GeV
— 3 .
- 10 E 0000 =====- Expected limit
3 E + 1 sid. dev.
T 10 E + 2 std. dev.
ID:1 =
A - Observed limit
T 10 = '
O =
2 o
=)

. 1E
—l = - —
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m E
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10 20 30 10% 2x10? 10° 2x10° 10*

Mediator masses excluded up to 0.8 TeV for m(DM) = 1 GeV
for baryonic 2’ model
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-054/index.html

Mono-Manial!
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Mediator Searches
X
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Di-jet searches

= | ook for resonance
above fit

= Analysis limited by
trigger
= 1-jet trigger E;~ 380
GeV
" Implies m(jj) > 1.1.
TeV

" Dedicated analysis
used for lower-mass
searches

Strong limits on DM mediator

§=
o
> 107
T . s e Data é
o 10 Background fit S
W F BumpHunter interval 3
10" - —o-- @, m _=4.0TeV =
.F g g, m. =50TeV =
10" = =
103 E -
10
10 g*, ocx10
p-value = 0.63
1 Fit Range: 1.1 - 8.2 TeV
B ly*| < 0.6
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Significance
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High-mass dijet searches

O

o 0.3

doi:10.1103/PhysRevD.96.052004

ATLAS

- {s=13TeV, 37.0fo" N .

0.25 - —— Observed 95% CL upper limit \\\\}\.‘ B

- N\ Expected 95% CL upper limit \\‘\}‘\\\\“ 7

0.2 W .

- N\ i

' excluded ™\_ N i

015 ]

0.1 . . —

N axial-vector couplings -

0.05__ | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | __
1.5 2 2.5 3 3.5

m,. [TeV]

Mediator masses excluded between 1.5 TeV and 3.5 TeV
Couplings excluded between 0.07 and 0.28
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Low-mass di-jet searches

Search for low-mass
particles using ISR boost
CMS-EXO-17-001

Events / 5 GeV

Data/Prediction
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- CMS

llllll

¢ Data

—— Total SM pred.

ITII]II]]II
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lTlIllI]llllll

W(qg)+jets
Z(qq)+jets
Single-t/tt(qq)+jets

B Z'(q9), gq,=0.17, m,=135 GeV

p_: 700-800 GeV
:

Beautiful W/Z peak!!
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5 .

| T A ;-tﬂ*t-m;*;

8L | | | _

50 100 150 200 250
mgp, (GeV)

Cigdem issever

Jet

Q|

ZI

New Techniques

* Large-R jet

e Jet substructure
 Data-driven bkg
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ATLAS and CMS Low-mass di-jet searches

CMS-PAS-EXO-17-001

1 CMS Preliminary 35.9 fb' (13 TeV)
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http://cms-results.web.cern.ch/cms-results/public-results/superseded/EXO-17-001/index.html

DM Mediator Search @ LHCb

= Dark Photon Searches: A’

arxiv:1710.02867

~ / \
meson decays  SM Drell-Yan TS
106 i=> isolation prompt-like sample
applied | pr(p) > 1GeV,p(p) > 20 GeV

| prompt gt~
Bl o
B ik + hpg .:'*'-.

Candidates /o[m(utp™)]/ 2
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http://arxiv.org/abs/arXiv:1710.02867

DM Mediator Search @ LHCb

= Dark Photon Searches: A’

arxiv:1710.02867

o
G

90% CL exclusion regions on |[m(A’), &%

1073

107

107

107 - LHCb prompt-like

" BaBar

KLOE

1077

m(A") [GeV ]

No significant excess found
First limit on dark photons for m(A’) > 10 GeV
Already competitive for m(A’) < 0.5 GeV
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Comparison with Non-Collider Searches

DMXSM
DM SM



Relevant Scales for DM Searches

[Haisch, Bishara]'

Direct Detection Indirect Detection Collider DM

I )
momentum

| MeV |0MeV I00MeV | GeV 10GeV 100 GeV | TeV [0 TeV
L transfer b

2 )
e T pn b W.Z ht 02 particle
mass
nuclear response 3- or 4- EFT w/ non-ren.
functions flavour QCD DM interactions theory
non-pert. EFT = Heavy DM EFT + EFT

w/ NR nucleons 5-flavour QCD

Comparisons across scales not straight forward!!

Cigdem issever
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LHC DM Working Group

Cornell University

arXiv.org > hep-ex > arXiv:1507.00966

arXiv:1507.00966 o«r!rovaxcd e

High Energy Physics — Experiment

Collection of DM models
(simplified models, EFT),
Model implementation

Dark Matter Benchmark Models for Early LHC Run-2
Searches: Report of the ATLAS/CMS Dark Matter

Forum

High Energy Physics - Experiment

Guidelines to compare
arXiv.org > hep-ex > ar)(iv:1603.041;6rXiv.1 603 041 56 m LHC reSUItS W|th DD/ID
experiments

Recommendations on presenting LHC searches for
missing transverse energy signals using simplified
s-channel models of dark matter

arXiv.org > hep-ex > arXiv:1703.05703
arXiv:1703.05703 oep!rearcedsen

High Energy Physics - Experiment

Recommendations of the LHC Dark Matter Working
Group: Comparing LHC searches for heavy
mediators of dark matter production in visible and
invisible decay channels

Cigdem issever

Guidelines to present
Mono-X and visible
signatures for heavy
mediators
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Comparison with Direct Detection

Spin-dependent DM-neutron cross section vs mg,,

0_37 DM Simplified Model Exclusions ATLAS Preliminary July 2017
E ! L AL ! R VL ! A

ET+y V5 = 13 TeV, 36.1 fo”
Eur. Phys. J. C 77 (2017) 393
ET+jet ¥ = 13 TeV, 36.1 fb”
ATLAS-CONF-2017-060
ET*+Z s =13 TeV,36.1 fb"
ATLAS-CONF-2017-040
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arXiv:1608.07648; arXiv:1602.03489

|

107+

1 IIIII|_|_| 1

Axial-vector mediator, Dirac DM
9,= 0.25, 9= 0, 9oy = 1

ATLAS limits at 95% CL, direct detection limits at 90% CL
) R | . P ]

107 ATLAS Exotics Summary

_I_LLLLI.I.I]

10—46 s L ey
1 10 10° 10°

DM Mass [GeV]
For these model assumptions:

Collider searches have ~3 orders better sensitivity for o;(DM-nucleon)


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html

Comparison with Direct Detection

Spin-independent DM-nucleon cross section vs mg,,

_37 DM Simplified Model Exclusions ATLAS Preliminary July 2017
10—

NE E T T T | \ T T T | ; —_— Dllet
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1 0—45 - arXiv:1509.01515v1
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1 0—46 e = arXiv:1705.06655v2
- Vector mediator, Dirac DM ] PandaX
10—47 _E g = 0.25 9| -0 gDM _ arXiv:1607.07400
E  ATLAS limits at 95% CL, direct detection limits at 90% CL LUX
1 0—48 ; MR | P ] 1 arXiv:1608.07648; arXiv:1602.03489

10 102

—

10° ATLAS Exotics Summary
DM Mass [GeV]

For these model assumptions:

Collider searches are sensitive at low DM for og;(DM-nucleon)


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html

Summary

= Searches for Exotic searches in general
= We have explored O(10 GeV) to 10 TeV mass/energy scales
" Only 1% of the LHC data analysed --- we are at the beginning
= New probes: Top quark and Higgs boson

= Dark Matter Searches are thriving at the LHC

" For vector and axial vector interactions
= Dark Matter masses up 400 GeV — 700 GeV (mono-jet) excluded
* Mediator mass up to 1.6 — 1.8 TeV (mono-jet) excluded
= Mediator mass up to 1.2 TeV (mono-photon) excluded

= Mediator mass up to 0.7 TeV (mono-Z) excluded
= LHCb Dark Photon limits m(A)>10 GeV

=" LHC DM searches complement non-collider DM searches
" My, < O(10 GeV)

Cigdem issever
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Where to go from here?

= Direct searches - more and more systematic limited
= Better experimental techniques will be developed
= Better theoretical uncertainties needed
= Constrain backgrounds via measurements
= Look at low mass AND high mass

" Indirect searches (measurements) rising

My thoughts on colliders for the future:

" Precision Higgs and top collider (e-e+ collider)
= Will give us direction where to look

= DM Collider

Cigdem issever
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Backup Slides
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Mono_x& CMS Preliminary LHCP 2017
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https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsEXO/DM-summary-plots-Jul17.pdf

Mono-photon
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Photon E > 150 GeV, |n| < 2.37
EXiss/ /Y Er > 8.5 GeV?/?2
Ag(photon, E{?iss) > 0.4
Njets(pr > 30 GeV, |n| < 4.5) <1
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Mono-photon Emiss

m, [GeV]
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For vector and axial-vector interactions:

* Mediator mass excluded up to 1.2 TeV
e DM mass excluded up to 340 - 480 GeV
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Mono-Higgs

m, [GeV]
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Phys. Rev. Lett. 119 (2017) 181804
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Z’ (A) mass excluded up to 2.6 (0.6) TeV for Z’-2HDM model
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-25/

CMS angulardi-jetsearch . ........c..
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-046/index.html

Era of Boosted Technigues

= Search for heavy new particles m >> 1TeV
" Final state consist of particles of m ~ O(100 GeV)

= OR

= Search for light particles + something they recoil against

=>» Final state objects are heavily boosted!
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For example H — bb

2m
distance of decay products: AR~ —

Pt

pt > 250 GeV b-quark pair within AR< 1

b-jets
. ___.,-F_'_-
“""h-.__._.:xx'x,__x e :_'F = F\I
Resolved T,
b-jets = |
o "f,f'”f T——
—_— ~ T
o -
| ."'ll
L
et
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Jet substructure: N-subjettiness T,

H - W(v)W(qq)

CMS Simulation

0.2*"'\"'|‘|\\I‘\|\—7

B CMS-PAS-H'G'14'OO8 —— SM Higgs, m = 600 GeV

arbitrary units
o
o

0.1

0.05

wiga) |

----- SM Higgs, m = 1000 GeV m

— Wa+dets, MadGraph+Pythiaé6 —|

W+jets

C)O

0.2

04 06 08

K
T,/ T,

arxiv:1011.2268

Ty : pT-weighted distance
between constituents and
N axes

How compatible jet with
having N axis

small z2/t1: more two- than one-prong like
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b-quark Identifikation (ID) — wichtig flr 2H Prozesse

—3 tracks bjet
—————— b hadron \
—————— impact
parameter
@ secondary
/ vertex
do_ ff

@ - primary vertex

| AN
N,

Standard b-quark ID: beintrachtig durch Kollimation bei hohen transversal Impulsen
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New advanced H—>bb taggers
Higgs-tagging -

=

Zurich™

» Tag H—bb jet with MVA based tagger

Axes obtained by undoing

) last step of jet T-axis
- Input related to observables from SV and cmsteriﬁg afgorithm T~

. i T-axisp
tracks associated to each t-axis (27 total)

* Factor ~2 higher rejecting rate compared to
standard b-tag methods

double-b
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g | doublebtag CMS-PAS-BTV-15002  / 0 2 . . I . I . =
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8 | nem<mcev.mo<p Placeholder slide will make my own. E
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100 CMS-PAS-B2G-16-026 1
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1021 60 E
' 40
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10° 2 IS0 U Y 000 0 O 0 O O O O O O I 0 I S0 0 0 1 O 0 I .
0 01 02 03 04 05 06 07 08 09 1 AKS jet double b tagger
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Neue b-quark ID: Centre of Mass (COM)

ATL-PHYS-PUB-2017-010

R=0.2 Track Jets COM

Beamline

Primary Vertex
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Neue b-qg

uark ID Effizienzen

ATL-PHYS-PUB-2017-010
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Signifikante Verbesserung p; > 1200 GeV
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Neue b-quark ID: Variable Radii

ATL-PHYS-PUB-2017-010

R=0.2 Track Jets VR Track Jets

Beamline Beamline

Primary Vertex Primary Vertex
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E ATLAS Simulation 200
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