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Presenting today

Mostly recent results, plus legacy QCD multi-jet results

*  QCD multi-jets

* Top physics

« Higgs
* Heavy-lon and small-x

* B physics

« Exotic physics and SUSY




QCD multi-jet physics




CMS

Inclusive jet cross section (8 TeV and 13 TeV)
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cms | Inclusive jet cross section (8 TeV and 13 TeV)

— ratios with theory for |y|<0.5
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CMS Azimuthal jet correlations (13 TeV)

35.9fb™ (13 TeV)

- 13 TeV, 35.9 fb*, single-jet triggers g oo
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*  From the LO generators, Madgraph+Pythia describes the data the best
*  From NLO generators, Herwig7 describes data
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Compact Muon Solenoid

Azimuthal jet correlations (A
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*  From the LO generators, Herwig++ best for 3j and 4j, Pythia8 4j only
*  From NLO generators PH2J (matched to Herwig++ or Pythia8) describes data best
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—i Triple differential dijet cross section (8 TeV) “
TeV, 19.7 fb, single-jet triggers | st ey
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riple differential dijet cross section (8 TeV)
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Measurement of a_ with inclusive multijets

CMS Preliminary
< 028 —— CMS Ry, preliminary, |s = 8TeV, ag(M) = 0.1150%0 o>
3 | —e— CMS R, preliminary, \'s = 8TeV
0.26— CMS Incl.Jet, \'s = 8TeV
: —a— CMS R,, ,1s =7TeV
0.24|— —4— CMS Incl.Jet , |'s = 7TeV
— —»— CMStt,\s = 7TeV
0.22— —4— CMS 3-Jet Mass , \'s = 7TeV
oA —/— ATLAS TEEC, |s =7 TeV
02—\ —o— DO Incl.Jet
— DO Angular Correlation
0.18 — H1
- —4— ZEUS
0.16— - - - World Avg og(M) = 0.1181: 0.0011
0.14—
0.12—
0.1
0.08—
[ | | I I I | | | | | | | | I | | | | | | | 1 1 1 | |
5678 10 20 30 40 100 200 30 1000 2000
Q (GeV)

« 0y(M,)=0.115 £ 0.0010 (exp) *0.0013 (PDF) £ 0.0015 (NP) , *%(scale)
=0.115 £ 0.0023 (all except scale) , *(scale)

) 6/28/2018 John Strologas, QCD@Work-18 13
—— e T e e e




CMS-PAS-SMP-16-003

10° CMS Preliminary

_2.26 fo’ (13 TeV)

10°

E T T T T ]
L CM

15— Preliminary

jet

T oIy'l< 144,y
—e— Data

3}
I

LI S — T

| <1.5, 200 < Ez <220 GeV
28156 events

r Fitted 28159.5 events

[ , SIG 22638.3 + 183.6 events
: Background

2.26 fo'' (13 TeV)
T T [ T T T T -]

Ifferential cross sections of inclusive gamma
and gamma+jets

" BDT output

<
% —— JETPHOX NNPDF 3.0
S —]
5 —¥— 21<|y'|<25(x10°)
e Y a E
:’105 —&— 1.57<|y|<2.1(x10%)
>
° —=— 0.8<|y'|<1.44(x10?)
iy - . y E
o —e— |y[<038
= —— ]
° —Y= E
51 0® A Y ]
—— ]
—h—— —_—y—
e —
" . ]
- g N
- —— e m
——
11— —- —
e —e— —
- —— |
r —— —— .
—— .
__ —— 3
10° — —_—— —
L L 1 L 1 1 L 1
2x10? 3x102  4x10? 5x10° 10°
E, (GeV)
o 2CMS Preliminary 226" (13 TeV) o 2CMS Preliminary 226157 (13 TeV)
k] Iyl <08 = 08<ly'l<144
= ——+—— Data stat. uncertainty = ——+—— Data stat. uncertainty
., bt g, vt
F i ——+—— JETPHOX scale unc. .| FA ——+—— JETPHOX scale unc. |
= JETPHOX total ul:lc. + F JETPHOX total ul:mv
Ry I g e RERIEE
bt S\ o SN
05— — 0.5 —
2410° 3107 4x10? 5x10° £, (e \;)o‘ 210° A 4x10? 5x107 £, (e W“
o 2QMS Preliminary 226 b (13 TeV) o 2§;M_S Preliminary 226 b (13 TeV)
g 157<lyl<21 g 21<ly]<25
e ——4—— Data stat. uncertainty = —+— Data stat. uncertainty
E Data total unc. E Data total unc.
215 —+— JETPHOX scale unc. 1 EY[  —+— JETPHOXscaleunc. b
JETPHOX total unc. JETPHOX total unc.
imes — e e }
——— g
05— 4 05 B
2410 3x10°  4x10* 5x10° 2¢10? 3x10?

+ 13 TeV, 2.26 b

NLO-in-QCD JetPhox

6/28/2018

10°
E, (GeV)

John Strologas, QCD@Work-18

= 2
4x10°  5x10° &'E,(Gev)

10 CMS Preliminary 2.26 fb” (13 TeV)

;10 T —T T T T T T I
[ | JETPHOX NNPDF 3.0 _
(O] B ¥ jet 6 )
8 108 —_— 1.57<|y|<2.5,1.5<|y'|<2.4(><10)_
e i Y t 4 )
o = —— 1.57<|y|<2.5,|fe|<1.5(><10 ) —
.0 N
'%- = —m— |y <1.44,15<|y"®| <2.4 (x 10%) —

5 —
51000, —— Iy <144,y <15 .
§ ]

£ ]
° i == =
© 102 | —r=
L 102 ——_ v =
T | —h— 1
e i
I = —— -
E —— J
1 ——
107"} —-— —h—
F —— —_—— -
——
— — —
i ———
10— -
——
L L | L 1 L L
2x10? 3x102  4x10? 5x10? 10°
E; (GeV)
© 2CMS Preliminary 2.26 b (13 TeV) - 2CMS Preliminary 2.26 b (13 TeV)
5 Iyl <144, Y"1 <15 = I¥1<148,15< | <24
= ——+4—— Data stat. uncertainty = —+—— Data stat. uncertainty
E1S[C —+— JETPHOX scale unc. 2l E1S[C  —+— JETPHOX scale unc. 7]
JETPHOX total unc. JETPHOX total unc.
e : ———
e ERIRBRRER T T +++._]_.‘_T“ ke l
05 4 05 3
210* 310*  4x10° 5x10% E, (Go ‘;)o 2x10% 3A0° 4x10° 5x10° E, (Go ‘;)o
o 2;;,M_S Preliminary 2.261b” (13 TeV) o 2QM_S Preliminary 226 fp" (13 TeV)
g 1572yl <25, <15 g 157< <2515y <24
= ——4— Data stat. uncertainty = ——4— Data stat. uncertainty
E Data total unc. E Data total unc.
Eu.s— ——+— JETPHOX scale unc. 3 E!.s— ——+— JETPHOX scale unc. 7]
JETPHOX total unc. JETPHOX total unc.
R\ } ‘ T LA 3}
Emes ea s I e
+—i—
05 4 05 -
2410° 3x10°  4x10* 5x10° 10° 2x10° 3x10° 4x10°  5x10% s><|gz'
E, (GeV) (GeV)

» Extraction of signal from BDT (eta, phi, energy of photons and shapes of shower)
* Inclusive photon double differential and y+jet triple differential results agree with
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Jet mass (distributions
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- 13 TeV, 2.3 fb”, inclusive two anti-k_ jets, AR=0.8, >200 GeV, |n|<2.4

* Results for groomed and ungroomed jets (to study effects of soft QCD)
« Unfolding in both pT and m — Softdrop without filtering/pruning/trimming
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CMS, .
: Jet mass (cross sections)
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- 13 TeV, 2.3 fb”, inclusive two anti-k_ jets, AR=0.8, >200 GeV, |n|<2.4

* Results for groomed and ungroomed jets (to study effects of soft QCD)
« Unfolding in both pT and m — Softdrop without filtering/pruning/trimming
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Measurement of jet charge
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A7 ‘ . . ‘ .
F p, > 400 GeV ol =
5 1'2; “hi<15 ] "1_‘: o Data E
= 1= fé ¥ TURH:PaMoIsE)
S os 4L BRI
JHEP 10 (2017) 131 3 o ‘ I
> 06F K L E
= E 7
z 04F 3
T oo2F E
1o 19.7 fo' (8 TeV) 10° 19.7 fo™ (8 TeV) °|:5 ; o
s e Data C ] « Data ’ '
| oS —Gluon 121~ Ccms «- HERWIG++ »
1= : C PYTHIA6 o F 1
= r : i Up quark 10E W Gluon o|‘(€ E ]
= 0.8 P> 400 GeV  : i -~ Down quark r P> 400 GeV @ Up quark =a E 3
e T H F B Down quark 04t ! 3
e ml<1.5 .g 81 ml<1.5 Others ':1.75 1 _° 1_5
S 0.6 [ C s F B E
Z I o 6 °|‘5 s
z 04 - 2o T o WA
‘Z_ 0'4:_ 4 055 B 05 05 Ts
= 3 19.7 " (8 TeV)
02 2k L CMS : DT BT
N ) Nl . C . ) 55 p, > 400 GeV 55 P, >400 GeV E
R R TR Y- L ey —y 115 2 Q g <15 Q mi<15 rﬁ 2 BRC pe E
Leading-jet Q"¢ [e] Leading-jet Q~ 06[e] a4 a4 i L‘ ““““ Eﬁiggmg::s; E
g E [e] = i It
«10° 19.7 6" (8 TeV) 45X10° 19.7 o (8 TeV) % g 3 i'l !
¢ « Data E ; « Data ° 2F o 2 | | -
asp CMS <+ HERWIG++ 4of CMS - HERWIG++ £ J: Z ) i | 3
PYTHIAG E PYTHIAG E E | E
30 W Gluon 35 W Gluon F ) ] ) 1 ‘ ) J [ ‘ E
p, > 400 GeV B Up quark 30f Py >400GeV M Up quark G300 02 0 04" 06" "0 G300 0. 02 04 06 0.8
w 5 15 [ Down quark ® E 15 [ Down quark Leading-jet Q" o [e] 08
'E Il <1. Others € 25F ml <1. Others | - 1
B 20 . N R
ot @ 2 e
15 1
10 E 0.4 0.6 0.8 O'—T 8 .4 0.4 0.6 0.8
10:— 3 15,
5 5E O|%
H E f 4 = a
0 . itlnnnloon s . ok ! e _ [ I 0 3 DO oot
08 06 -04 02 0 02 04 06 08 08 -06 04 02 0 02 04 06 08 be o5 04 02 0204 06 08 T 05 04 02 0z 04 065 08
Leading-jet Qt:"'e le] Leading-jet Qf‘)-s le]

« 8TeV, 19.7 fb' - measurement helps understand e
parton showering and hadronization

- Dijet events, AR=0.5, >400 GeV, 100 GeV, |n|<1.5 Q=Y. () /X (n)
- Unfolded results as a function of leading jet-p_
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Overview of SM cross sections




CMS Cross sections (A)
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All results at: http:/icern.chigo/pN;7
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CMS Cross sections (B)
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All results at: http:ffcern.ch/gofpNj7
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s, Cross sections (C)
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Top physics
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*  Mismodeling of tails of pT distributions A" particle level -

and N___ partially covered by systematics
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A parton level

»  Measurement of top chromomagnetic
dipole moment and y charge asymmetry
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« 13 TeV, 35.9 b
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Higgs physics




Combined Higgs rates and couplings

13 TeV, 35.9 b

Production:

- Gluon fusion,
- vector-boson

fusion,

- H+W/Z,
- H+ttbar

'

This includ

states with a quark triangle
or square (in the Z channel)

es gg initial

(b)




T Ne—

Combined Higgs rates and couplings

13 TeV, 35.9 fb”

b,7,u v
Decay: H H
- YY,
- TIT, MM
¥
- bb, b, 7, u
- WW, Z2Z
L (a) (b)

- invisible




M E— —
CMS, Signal strengths

(production, decay, combination)
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Parameter value 1

« The combined signal yield relative to the SM prediction has been measured as
1.17+0.10-0.10. Improvements in the precision of the ggH production rate of around
['50% is achieved compared to previous ATLAS and CMS measurements.
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« u= 2.54+1.35-1.26 (= 1.00+1.08-0.97 expected) for a significance of 2.3 standard
deviations (1.0 expected)
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CMs, Observation of Hitt

£ — | Published this month
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* Combination of 7 TeV, 8 TeV, 13 TeV data
« Observed significance: 5.2 o (expected 4.2 0)

Phys. Rev. Lett. 120, 231801
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8.16 TeV p-Pb, 173 nb"’

W — pv, P> 25 GeV,
Ini<2.4

Yields extracted with log-
likelihood fits in bins of
muon CM n — 180K events

Probes nuclear PDF (u and
d)at103<x <10

Modified PDF needed to
describe n",

CMS-PAS-HIN-17-007

1
L PRITBAM (5 =816 TeV
- WS prey, CMS -
—~ 300 p!>25GeVic Preliminary — —_
§ 250;_ 1.805ngM<1.93 iData - §
o F 4 aow ] ©
O] o00F- pacp 3 O
I ] gy | o
~ 150F BW-or 5 O
IZ I Biy—>t 4 &
o 100f Ott 1 &
> r + 3 >
LLl F 3 ] L
50— -
L T
0 O
qe 2 wod g
SE 1geettgesy o = e ‘4‘04 e T*‘ CDUE
o0 10 20 30 . 40 50 60 70 80
p;"ss (GeV/c)
pPb 173.4 nb™ Sy =8.16 TeV
: | T T T T | T T T T | T T T T | T T T T :
MEW S pte v, CMS 7
. 1.3 Py>25GeVic Preliminary .
S F 1 =
1:0 1.2:— [ —: 1:0
| F == - |
ol W =
1 \\\ 5 \ AR
:§ \““ \ M "“"%»0" Q0 00‘ HAE :E
:S_:O 0'9:_ ) il /: 1:_0
- =
\t 08¢ t Data ] :.t
+ = r 1 =
0.7 —CT14 1 =
065 W\ CT14+EPPS16 ]
“E 4/,CT14+nCTEQ15 E
S T BT B B
057 0.5 ! 1.5 2
T]CM

pPb 1734nb1 VSan = 816 TeV
""""""""" LI I
450__ W+ — U+ v, CMS -
400 ph>25GeVic Preliminary 3
ssof. 020 < 1, < 0.00 +Data
3 ow 3
300¢ pacb
250F- |z
200E- BW-r E
E .Z/’Y*—)’C 7
150~ 0 =
RN ot 3
100; + =
50 =
5 -
21 - IR RO S PSR NTOE 3 L N
0 _'9'0 i 2 +Y+ ]
0 10 20 30, 40 50 60 70 80
pT** (GeVic)
pPb 173.4 nb S\ =816 TeV
: | T T T T ‘ T T T T | T T T T ‘ T T T T :
"4;_ W - pu+y, CMS -
1.3 P}>25GeVic Preliminary 3
1.23— —E
1.1; —
e -
09F 3
O.8i
07 —CT14 e
065 ?\ CT14+EPPS16 1
“E 44/,CT14+nCTEQ15 E
c oo b by
0.5 0 0.5 1 15 2
T]l'l‘
CcM

(“forward” is the direction of proton)
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* 544 TeV, Xe-Xe

« Differences in particle flow between Xe-Xe and Pb-Pb probe system-size
dependence in medium response
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CMS

Light-by-Light scatter

) 6/28/2018 John Strologas, QCD@Work-18

5 TeV Pb-Pb, 390 ub™, di-photon triggers \Qf/ . \Qi g
Background from misidentified y — ee and P /_,Oij\ P

gg — Yy
Observed 14 events (expected 11.1 £ 1.1 signal and 3.8 + 1.3 backround)
4.1-sigma evidence, o, (yy — Yy) = 122 + 46(stat) + 29(syst) £ 4(th) nb
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aws | . First Observation of resolved
£ \\?ﬁ Xb1 (3 P) and Xb2(3 P)

Photon energy scale calibration

CMS-BPH-17-008

— o — CMS
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Y(3S) y invariant mass (GeV)

- 13 TeV, 80 fb', Decays to (Y(3S) — uu)(y — ee) — dimuon triggers (8.5-11.5 GeV
dimuon mass

« Bottomonia allow for Perturbation and Lattice calculations of non-relativistic potentials
* Mass resolution 2.2 MeV
« 10,513.42 £ 0.41 (stat) £ 0.18 (syst) MeV, 10,524.02 £ 0.57 (stat) £ 0.18 (syst) MeV
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M @ First observation of Z — yp + |I

CMS 35.9 fb' (13 TeV) CMS 35.9 b (13 TeV)
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« Both direct production of J/y and through wp(2S) — J/p + X
13 £+ 3.9 (stat) ypup events and 11.2 + 3.9 (stat) eeyp events
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CMS Pair-produced resonances decaying
to diquark pairs

CMS Preliminary 35 9 fo' (1 3 TeV) CMS Prellmmaly 35 9 fbo! (13 TeV)
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- 13 TeV, 35.8 fb" P g g

« Either resonances between 80-400 GeV — boosted dijet (grooming used)
or above 400 GeV — resolved 4 jet

* Extra b-tagging requirement used (for both boosted and resolved)

* Interpretation in R-parity violating SUSY with pair scalar top decays
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- 13 TeV, 35.8 b

or above 400 GeV — resolved 4 jet

Pair-produced resonances decaying
to diquark pairs
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* Either resonances between 80-400 GeV — boosted dijet

« Extra b-tagging requirement used (for both boosted and resolved)
* Interpretation in R-parity violating SUSY with pair scalar top decays
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R —
CMs, Search for long-lived particles

with displaced vertices
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> - : : ; 7 - - : - TS DI R A AR 7 R Sy SR
5 71§ > tos, ct = 0.3 mm L2 T dd, ct = 0.3 mm 2 57§ - tos, M = 800 GeV' o T dd, M = 800 GeV 1
o 95% CL upper limits: o~ 95% CL upper limits: o~ 95% CL upper limits: o~ 95% CL upper limits:
cg — Observed L‘g — Observed cg —— Observed f.g —_ 8b;ewed ”
eeee Medi ----- Median expected L <--- Median expecte
= :I;f'a'l 9"";‘“ = 2";7‘82 e":‘ez‘“ W 68% expected W 68% expected
101 sl Exzz.w 10 o :XSZC: G 10+ 95% expected 4 10k 95% expected N
= 9 production == Tt production
M=800 GeV M=800 GeV
1t E 1 E 1 £ 1 £
c1=0.3 pp ¢1=0.3 pp
107" L | I 4 107" 1 1 | L - 107" 1 I e 107" | | e
500 1000 1500 2000 2500 %ooo 500 1000 1500 2000 2500 3000 107 1 10 102 10 ] 10 102
2"/§(Ge ) M (GeV) criu/a(mm) cnt(mm)
102 CMS Preliminary ___ 38.5 b (13 TeV) 10:CMS Prefiminary ___ 38.5 fb' (13 TeV) 102 CMS Preliminary 385 fo! (13 TeV) 102 CMS Preliminary 385 b (13 TeV)
T T T T T T T T T T B e e A - e PR R
) 7/g - tbs, ot = 1 mm £ T-dd,ct=1mm o 7§ — tos, M = 1600 GeV 2 T dd, M = 1600 GeV
o 95% CL upper limits: o 95% CL upper limits: o~ 95% CL upper limits: o~ 95% CL upper limits:
a — — Observed Q — Observed [+2] —— Observed a2} —— Observed
© CT= 1 p ex Median expected © - Median expected [ Median expected © ~--+-- Median expected
o . B 68% expected B 68% expected
I 68% expected W 68% expected 4
101 95% expected 10p 95% expected 10 95% expected - 10 95% expected 4
= §§ production = Tt production 1
1 M=1600 GeV M=1600 GeV
1 E 1 CT=1 Hp | 1+ 4 1k 4
P d
_ _ 0 4 107" " L Lot 105, I I = 107" | I e
n L d 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 10 1 10 102 10 1 10 102
_ - - My, 5 (GeV) M; (GeV) cts, 5 (mm) ct; (mm)
~ o 10 CMS Preliminary 38.5fb' (13 TeV) 102 CMS Preliminary 38.5fb” (13 TeV) 102 CMS Preliminary 38.5fb"' (13 TeV) 1 CMS Preliminary 38.5fb" (13 TeV)
ik -~ ) T T T T T Py T T T N T T ! ET T T T _ T T T T
t d g £ 7§ > tbs, ct=10 mm g t—dd ct=10mm L r 73 — tbs, M = 2400 GeV/ 2 - dd, M = 2400 GeV
% 95% CL upper limits: ‘\En 95% CL upper limits: o~ 95% CL upper limits: o 95%(% uppe(; limits:
— Ob d —— Ob d o —— Observed o —— Observe
° - Modan aspoctad © = Modian expected © i Mo orpected © i Meden spected
% % % expece % ex
p d 0eT=10 P\ =i - 10} o opeded 10 a5 pacid 5 10} whopeded
F = §§ production = 11 production £
M=2400 GeV M=2400 GeV
1 . 1 cT=10 Py - 1 . i .
107, | | | 5 107 | | | | e 107k ul ol M| 107"k I R =
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 -1 2 -1 2
10 1 10 10 10 1 10 10
Lo/ (GeV) M (GeV) CT, 5 (mm) T (mm)

- 13 TeV, 35.8 b

« Search for multijets or dijets with two displayed vertices
* Interpretation in R-parity violating SUSY (gluino or stop)
« Cross section upper limits as a function of mass and lifetime of particles
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* Investigate Z' masses above 700 GeV — Higgs boosted, its decay to b-bbar is
reconstructed as one jet

- Anti-k_ jets, AR=0.8, with soft-drop grooming and dedicated double-b-tagging
- PY>1650r 175 GeV (backgrounds: QCD multijet, W/Z+jets)
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Hot off the press
(June 21)

* Search for dark quarks (decay products of heavy mediators)

. er Qd
- That create long-lived dark hadrons
g q
. H 13 H H 7 2 2
* Signature is an “emerging jet” from dark , o Mo , ;o e ,
hadron decaying to SM hadrons ., y
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CMS
= Leptoquark searches
3 - \l |
| May 2018 LQ = 1stgen. 2nd.gen. 3rd gen. Full 2016 dataset
LQ(ej)x2 1.13
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Single LQ (ej),A=1 1.73 (8TeV)
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ug"} Single LQ (1), A=1 0.53 (8TeV)
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Single LQ (tb), 1= 1 0.744
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..g % LQ(vi)x2 1.79
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aws | Search for second-generation sleptons
= with same-sign dimuons

CMS-PAS-SUS-17-008 ,I
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»  Two same-sign muons and at least two jets
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Conclusions

6/28/2018

CMS manages an extremely rich and wide physics program
- Only a small portion of analyses presented today

Precision measurements of Standard-Model processes lead to better understanding
of theoretical calculations at N"LO and N"LL

- Understanding of QCD is a prime example
- More precise backgrounds to new-physics signals

Searches for new physics continue
- Although model-inspired, the unexpected could/should be discovered

Please keep in touch with CMS results at:
https://cms-results.web.cern.ch/cms-results/public-results/publications/

Thank you !
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Additional material
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* Included in analyses when they are non-negligible
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CMS . .
Lifetime searches

CMS long-lived particle searches, lifetime exclusions at 95% CL
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CMS Preliminary

Dark matter searches

Dark Matter Summary* - June 2016
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M Rare B°  and B°to dimuons
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