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LHC physics program
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Main goal: Find signs of New Physics
» direct searches

« directly: probing on-shell new physics

« indirectly: probing the effect of new physics on SM observables
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New physics: a pictorial representation
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New physics: a pictorial representation
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Direct searches

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Pre“mmary ATLAS Exotics Searches* - 95% CL Upper EXClUSiOI‘I lelts ATLAS Preliminary

July 2018 \5=7,8,13TeV Status: July 2018 [£dt=(32-79.8)fo! Vs=8,13 TeV
Model ety Jets EX'S [raam™) Mass limit s =13 TeV Reference .. EMiss -1 P ’
o T F A3 Model ty Jetst ET™ rdim) Limit Reference
0 2Bjels  Yes 361 155 mif1<100GeV 171202332 T T ML T T T T T T
- meonoet  1-3jets  Yes 381 migimi 171103301 » ADD Gy + glg Oep 1-4j Yes 361 Mg 7.7 TeV n=2 1711.03301
@ p . ¥ - - .
s a2, i"*ufr\i"\) o 26 Jels Yes 36.1 F] mH(‘I!\'ZDDGEV 171202332 g ADD non-resohant yy 2y 387 Ms 8.6 Tev n=3HLZNLO 1707.04147
E 2 FaiE 09516 I 11-900 GV 171202332 3 ADD QBH - 2] - aro My 89TV n-o6 1708.00127
B 3 E—an O Bep 4jets S 185 1705.03731 g ADD BH high ¥ pr zlepn 22j - 32 My 82TeV.  n—6 My —3TeV.rotBH 1606.02265
2 ce.pupe 2jets  Yes 381 |2 12 1805.11381 E  ADD BH multijet =3j 36 | My 9.55TeV 1 =6, Mp = 3TeV, rot BH 1512.02686
7 o 7iljels  ves 381 | & 18 170802794 E RS1 Grk — ¥y 2y - - 36.7 | Gk mass 4.1Tev Kby =01 1707.04147
2 dep 4jals - a1 | 098 1706.03731 Bulk RS Gy — WW/ZZ multi-channel 36,1 | G mass 2.3 TeV kW = 1.0 CERN-EP-2018-179
g ®
£ C1ep 30 Yes 381 |& 2.0 07 1711.01801 W Bulk RS gix — 1t lep =1b2102) Yes 381 | ke mass 3.8TeV rim=15% 180410823
dep 4jets - w1 & 125 mijmi] =300 GeV 1706.03731 2UED/ RPP lep =2b=3] Yes 361 KK mass 1.8 TeV Tier (1,4), BAY & er) =1 1803.09678
Byby, by —bf T Multiple 36.1 B mii)=300 Gev. BRILE) =1 1708.08268, 1711.03301 S8M Z° — (it 2ep - - 36.1 2’ mass 45TeV 1707.02424
mu‘r::p}e 1 & LT D8R 1708 09266 @ SSMZ —rr 27 - - 361 [Z'mas 2.42TeV 1700.07242
. b oz 170603731 ﬁ Leptophobic 2* — bb - 2b - 36.1 2 mass 2.1 TeV 1805.09299
g Buby Fidy My = 2% M, Multiple 3.1 |& 07 1709.04183, 1711.11520, 1708.03247 g Leptophobic 2° — tt Tep =1b =102 Yes  36.1 Z' mass 3.0 TeV rfm=1% 1804.10823
% ﬁ Multiple 38.1 i Forbidden 0.9 1709.04183, 171111520, 1708.03247 g SSM W' - v Tepu - Yes 758 W mass 5.6 TeV ATLAS-CONF-2018-017
ﬁ_a Fif, —WhT) of T 0-2ep 0-2[0151-25 Yoz 381 A 1.0 m(F)=1 GV 1506,08616, 170904183, 1711.11520 S5M W' — v ir - Yes 361 W’ mass 3.7 TeV 1801.06992
& g_ fif), TSP Multiple a1 & 04-08 miF}i-150GeV, miZ} -m(Z])-5 GeV, 7 1708.04123, 171111520 § HVT V' — WV — qqqq model B Qe p 24 - 798 |V mass 4.15 TeV gv=3 ATLAS-GONF-2018-016
E’E Multiple .1 & Forbidden 0.6-0.8 0GeY, m{ET j-m(f|)=5 GaV, i) 1709.04183, 1711.11520 HVT V' — WH;ZH model B multi-channel 36.1 V' mass. 2.93 TeV av =3 1712.08518
T £ @i WollTompored LSP Multiple a1 @ 0.48-0.84 1703.04183, 1711.11520 LRSM W, — th multi-channel 361 | W mass 3.25 TeV GERN-EP-2018-142
. Fif, el fam, Esel] o 2 Yos @&t |@ 0.85 180501848 -
i 0.456 1805.01643 — Clqqqq - 2] - 37.0 A 218 TeV 7, 1703.09127
o mono-jel  Yes 381 B 043 il i 1711.03301 &) Clitqq Zep _ - 361 A 400TeV 1f, 1707 02424
ofy, il +h 1-Ze ah Yes 3.1 A 0.32.0.88 -0 GaV, mif,-m(El} 180 GeV 170605086 Cl eeet zlep =z1bzlj Yes 361 A 2.57 TeV |Cai| = am CERN-EP-2018-174
TR via Wz 28ep - Yes 361 06 L, miEh0 1403 5294, 1306.02203 = Axial-vector mediator (Dirac DM) 0 e, 1-4]  Yes 381 e 1.55 TeV 2,=025. g,=1.0, m{x) = 1 GeV 1711.03301
o = Yes  as.i 047 i Jml =10 GeV 171208118 & Colored scalar mediator {Dirac DM) O e,z 1-4]  Yes 361 | M 1.67 TeV 2=1.0, m{y) = 1GeV 1711.03301
L Hyyilhh Yes 203 0.26 mifl)=o 1501.07110 WV .y EFT (Dirac DM) Oep 14,21]  Yes 3.2 M. 700 GeV miy) < 150 GeW 1808.02372
el . ” o
B AL e, o) 2r Yes 3.1 076 m{F})=0, mi{F, =0 S(m(E{ jm(F}) 170807675 o - -
=g 022 By 100 GoV. m ! 1708 07875 o SealarLQi gen 2e 22j 32 |Lomass 1.1 TeV B=1 1605.06035
w5 e, Pt 2en N e w1 |B o 180502762 S ScalarLQ2™ gen 2y z2j - 3.2 LQ mass 1.05 TeV E=1 1605.06035
i e s i X » -
B ' 2ep 21 Yos 381 |7 0.18 171208113 Scalar LQ 3" gen Tep 21b23) Yes 203 [IacnEGGe #=0 1508.04735
TTTT, FT—hG {747 0 =3 Yes 381 |ir 0.13-0.23 0.28-0.88 180804030 % VLQ TT — He/Zt{Wb+ X multi-channel 36.1 T mass 1.37 TeV 5U(2) doublet ATLAS-GONF-2018-032
den ° Yes 6.1 | 03 180400502 8 | VLOBE - WyZb— X multi-channel 361 | Bmass 134 Tev SU(2) doublet ATLAS-CONF-2018-032
Direct £, 1 prod., long-lived ¥; Disapp. k1)@t ves 381 |&* 045 . [em— & VIO T5aTaolTys — Wit X 20SS)=8ew=1021] Yos 361 | Taamass 1.64 TeV BTz — W)= 1. c(Ten LVL}=r| CERN-EP-2018-171
E « X 045 Pure Higgsino. ATL-PHYS-PUB-2017-019 s VLQY — Wb X Tep =z1bz1j Yes 32 Y mass 1.44 TeV BV = Whj=1, c[YWb)= 1/¥2 | ATLAS-CONF-2016-072
= _% Stabla # R-hadron SMP - - a2 |z 16 1606.05129 @& VA B - Hb+ X Dep 2y =1 2 Yes  79.8 B mass 1.21 TeV ky=05 ATLAS-CONF-2018-D24
€5 Fehadron, jqqf" i e |EEEETECEIE 2 iF)-100 Gov B w00 W Tew =41 Yes 03 | 150004281
S GMSB, {7, long-lived ¥/ 2y Yes 203 |&} 0.44 1r0Y13 nis, SPS8 modal 14085542 %’ Excited quark q° — gg 2] a37.0 | @ mass 6.0 TeV only v and d*, A= m(q") 1703.09127
r 20 ; el = ) i y
55,4 eevtepyippy displ. eeiep/pp - - 20.3 H 13 & <erif)) 1000 mm, m{E]) -1 TeV 1504,05162 s Excited quark * — gy 1y 1] _ 367 q* mass 53TeV only " andd*, A= m(q') 1709.10440
e T R - a2 1805.08200
dep 0 Yes @81 A=30Tev 14112821
0 45large-Riets - 361 A= 16TeV 14112921
> Multiple 3.1
= . o Muliole st ATLAS-GONF-2018-020
28,8 ths /gt o . W) = 2.4 TeV, no mizing 1506.06020
e, 47— tbs Multiple: 36.1 DY production 1710.09748
idis fi—bs o Epmazb - 67 DY produstion, B(H;* — r) = 1 14112821
Tl f—bl 2ep 2k - s
Snanres = 02 1410.5408
DY production, lg| = 5¢ 1504.04188
DY production, |g| = 1gp, spin 1/2 150008059
*Only a selection of the available m ts on new states or 107! M . s

its are based on

phenomena is shown. Many of the li
mptions made.

simplified models, c.f. refs. for the as
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Mass scale [TeV]

LQ2() x2

coloron(jj) x2

Selected CMS SUSY Resulis® - SMS Interpretation - Moriond 17

—— T el Lentoauarks coloroné) 2 [ Multijet
- BUBASEN DUG-I60M LQ3wbh)x2 [ P10g gluino@) 2 [ R .
- BUB-IS-M DUD-18-03 tgggn; xg — esonances
- - VORI m | L
E susisam .‘"m“ single LQ1 (\=1) 1 gluino(jjb) x2 |
- SUS-ISO DUGH 6031 MHT) Single LQ2 (\=1) [—2 0 1 2 3 4 Tev
BUS-18-088 O 0, ]
2 - SUBISS SURIEA A H 0 1 2 3 4 Tev
E - SUB 1z BUG1500 M 5 . ADD (y+MET), nED=4, MD
- RSL(j), k=0.1 RS Gravitons ADD (j), nED=4, MS
men W = RS1(yy), k=0.1 QBH, nED=6, MD=4 TeV
forefaidieatapasd = RS1(ee,pp), k=0.1 [ ] NR BH, nED=6, MD=4 TeV
SUB-IB0 UG- 16005 M - g 30 G : st
= 0 1 2 3 4 Tev ring Scale (j)
g ____ ] ‘
———————————————————————————————————————————— QBH (j), nED=4, MD=4 TeV/ 1

: e CMS Preliminary
p . ADD (o). nED=4, S Large Extra
- —, . .
ot Pttt B 8 <0 348 , APD () nED=4. M Dimensions
- {Macx wachambon for :-l:-xl [ - - SSM Z'(11) Jet Extinction Scale
§ mai P e o CMS Preliminary ssM Z/)
WAL . "
3 - — SSM Z'(ee)+Z' (up) TeVv
- =13TeV SSM W' (jj) dijets, A+ LL/RR
- L=35.01" SSMW () dijets, A- LURR
SSM z'(bb) ———1 dimuons, A+ LLIM
0 1 2 dimuons, A- LLIM
N dielectrons, A+ LLIM
.4 EXClTed dielectrons, A- LLIM
= er(M=7) Fermions single e, AHNCM
g For decays with intermediate mass, H q(”:/l((:}g\; single y, A HNCM Compositeness
E | N e ) I"-'Irrh«mddo = f LI -Ix}- M e a* @y) =1 inclusive jets, A+
0 200 400 600 800 1000 1200 1400 1600 1800 2000 L — inclusive jets, A-
“Obzerved limitz at 95% C.L. - theory uncertaintiss not included Mass Scale [GeV] 0 1 2 3 4 5 6 Tev 012345678 910111213141516171819 TeV

Only a selection of available mas=s limits. Probe "up to* the guoted mass limit forLg'lp =0 GeV unless stated cthenwias 201607

MS Exotica Physics Group Summary — ICH
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Precision physics: the LEP experience

LEP is the prototypical example of a precision physics program

It measured with unprecedented accuracy SM observables allowing to perform
precision tests of the SM electroweak sector

Energy Measurement Precision
LEP-I ~ 91 GeV (Z peak) Z properties %o
LEP-I from diboson thresholds up | off-shell Z properties, trilinear o
to ~208 GeV gauge interactions °
105"'""""'"'|"'|"'|"-|-'-|'--|---

LEP was sensitive to NP effects of the order

of %o at the Z-pole and % off the Z-pole 10 ¢*e —shadrons 3

: . = 103k .

- Clean experimental environment £ '

- Small statistical uncertainties 2 ool ]
K;':,KB PETRA e | SIIJC

10 ¢ LEP1 3

| 1 | 1 1 LE|P 1 1 I .
0 20 40 60 80 100 120 140 160 180 200 220

Centre-of-mass energy (GeV)
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Precision physics: the LHC

LHC environment completely different
No sensitivity to deviations from the SM of the order of % or below
At best 10% to O(1) effects (e.g. Higgs couplings)

N

Precision@LHC requires new physics leading to large
deviations but still unconstrained by LEP

N

The best approach to indirect new physics is the framework of EFT
Higher Dimensional Operators (HDO) lead to amplitudes that grow with energy

Largest effects at high invariant masses

Riccardo Torre BSM physics and reinterpretation of measurements



The EFT direction(s)

EFT for the SM seems like a rather “new” topic for theorists
Many theorists have abandoned model building in favor of EFT
This is not a psychological effect due to the absence of new physics

N

Absence of new physics (and the presence of precision measurements) is a
requirement for EFT to be interesting, relevant and applicable!

Moreover EFT is the simplest and more consistent way of parametrizing the
different directions in which deviations from the SM can appear

It is incredibly powerful at determining what “is possible”, what “is impossible”,
what “is likely” and what “is unlikely”

Measurements (and especially precision measurements) in high energy physics
have little meaning if one cannot quantify the aboves in a consistent way

Riccardo Torre BSM physics and reinterpretation of measurements



LHC vs LEP

Compare for instance LEP and LHC sensitivity to an interaction of the form

Z-pole observable
S
4’”1%1»'

off Z-pole observable

Y
4mw

(H'7* H)WS, B (0B’

LEP LHC

Energy: ~100 GeV Energy: ~1 TeV
Accuracy: ~%o-% Accuracy: ~10%

LEP LHC

Energy: ~100 GeV Energy: ~1 TeV
Accuracy: ~%o-% Accuracy: ~10%

New physics effects
enhanced by

EEHC/ EEEP ~ 100

New physics effects not New physics effects not]| New physics effects not
enhanced by energy enhanced by energy enhanced by energy

LHC cannot compete with LEP LHC comparable with (or better

than) LEP

Qualitative analysis, can one make it quantitative?

Riccardo Torre BSM physics and reinterpretation of measurements



Two working examples

»Drell-Yan (neutral and charged)

»Di-jets (and inclusive jet)

Note: unfortunately cannot cover di-bosons. For references see, for
instance: Franceschini, Panico, Pomarol, Riva, Wulzer, 1712.01310

Riccardo Torre BSM physics and reinterpretation of measurements



The simplest case: DY

Consider the SM EFT operators called “W”and “Y” universal form factor (£)
They contribute to DY at LHC (where few % W -0 2 (D,W2,)?
precision is reached at high invariant masses) 0
Y 4m (a Bp,u)
'% 4 tEW;rY t((Y+T)c? +s*W-S5) + t(‘r';w)' only modification of the gauge
Py=|1? mz (c2—s2)(q2—m3) Tog boson propagators
N 1+T-W—t2Y | t2Y4W o | |
! g2—m3, ms, _ deviations entirely parametrized
b L((T-W-Y)-22 (- W-Y)) (1-8) by 4 parameters:
©- (¢7=m%) m3, ST WY
Contributions on the pole: LHC Contributions off the pole:
cannot surpass LEP LHC can surpass LEP

e

2 new physics parameters (W,Y) for 2 processes (neutral and charged DY)

If charged DY is not included there is a degeneracy, broken only by quadratic terms
in W and Y (ellipse-like constraint)

Riccardo Torre BSM physics and reinterpretation of measurements



Precision in DY at LHC

DY@LHC profits of great precision

- LHC few percent experimental (statistic/systematic) uncertainties
- NNLO QCD theory calculation (FEWZ)

- Parton Distribution Functions (NNPDF2.3@NNLO)

0 = USM(l‘f‘ZﬂiOt‘l'ZﬂfijOioj) : O={W,Y}
1 i,]

The "a” coefficients vary bin by bin (in the invariant or transverse mass)

We compare the cross section integrated in the bins with observations using a X’ test

Data

We use neutral DY data from ATLAS (1606.01736) and CMS (1412.1115) and
consider uncertainties with their full correlation matrices

Projection

We make projections for charged DY (not yet studied by experiments) and higher
energy/luminosity including estimates of systematic uncertainties divided into fully
correlated and uncorrelated ones (2% for neutral DY and 5% for charged DY)

Riccardo Torre BSM physics and reinterpretation of measurements 10



Experimental uncertainties

ATLAS, 1606.01736

Electrons
Mee .:I?n_ﬂ-w gotat  ssys slot
[GeV] [pb/GeV]  [%] [%]  [%]
116-130 | 2.31x 101 05 08 1.0
130-150 | 1.05x 107! 07 1.0 1.2
150-175 | 5,06 x 1072 08 13 1.6
175200 | 2.60x 1072 12 1.6 2.0
200-230 | 1.39x 1072 15 20 25
230-260 | 7.95x 102 20 22 3.0
260-300 | 443x102 24 23 33
300-380 | 1.84x 103 26 25 3.6
380-500 | 5.99%x10™* 3.6 27 45
500-700 | 1.52x10™* 53 26 6.0
700-1000 | 2.64 x 10> 10.2 3.3 10.7
1000-1500 | 3.23x10°® 225 58 23.2

Muons
My ﬁ gstat - gsys stot
[GeV] [pb/GeV] [%] [%] [%]
116 -130 | 225%x 107! 05 06 0.8
130-150 | 1.04x10°! 06 07 09
150-175 | 494%x10%2 08 09 12
175 - 200 | 2.51 x 1072 1.1 12 1.6
200-230 | 1.37x102% 14 15 20
230-260 | 7.87x107 1.8 16 2.5
260 -300 | 445x 102 21 17 27
300-380 | 1.90x 102 23 19 3.0
380 -500 | 6.40x107% 32 18 37
500-700 | 1.54x10* 50 20 54
700-1000 | 2.66x 10> 96 2.1 98
1000 - 1500 | 2.17x10°% 26.0 2.7 262

Statistic uncertainties still dominating in the interesting region

Main systematic uncertainty is energy scale (corr) around 2% around 1 TeV

Systematic uncertainty under control within (or below) 2-3% around 1 TeV

Riccardo Torre
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Theory uncertainties

Scale uncertainties correlated across all bins

myge (GeV)

dppr (70)

65{'.;1 le (%)

175-200 1.4 1.1
200-230 1.3 .6
230-260 1.4 0.7
260-300 1.4 0.7
300-380 1.5 .6
380-500 1.7 0.4
o00-700 2.1 .4
700-1000 2.7 .6
1000-1500 3.4 1.0
8 TeV

Riccardo Torre

5 (%)

NO N & O

14}
12}

I scale

Farina et al., 1609.08157
We computed NNLO QCD prediction with FEWZ using NNPDF2.3@NNLO

Main uncertainty from PDFs (correlated)

PDF

500

BSM physics and reinterpretation of measurements

1000

my in GeV

13 TeV

2000



Theory uncertainties

Farina et al., 1609.08157
Additional source of TH uncertainty we did not include is NLO EW

The effect can become large at large invariant masses (large Sudakov logs)

However, at most comparable with other uncertainties and in the high mass region
subdominant compared to stat uncertainty

0.15]

EW Sudakov

0.10F stat 300 fb~' (dashed)
‘ stat 3 ab™" (full)

O ! 1
. az,. . 4 S
tOOEW ~ lhg log® -
0.05+ n My
0.00- — f - ]
300 1000 3000
my in GeV

Riccardo Torre BSM physics and reinterpretation of measurements 13



Results: data

= &
N w

I
o o o o
M = O =

(theory-data)/data

Vs =8TeV, 19.7f™"
W: [-0.5,2.1]x1072, Y=0

|
i
W W

=
ho

(theory-data)/data
= 5|3 o o
B = O =

I
o
€

ATLAS

\Js=8TeV, 203"
W: [-0.3,1.5]=1073, Y=0

ATLAS, 1606.01736

LEP |-

; _gl CMS Vs =8Tev 19.7b™"
' ATLAS +/s = 8TeV 20.3f™"

Considering only neutral DY at 8 TeV the LHC is already competitive with LEP

Riccardo Torre

200

500
my in GeV

BSM physics and reinterpretation of measurements
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0
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Yx104

Results: projections

151 dotted: 8TeV,20fb~' |
13TeV, 0.1ab™" ]
1ol solid: 13TeV, 0.3ab™"
. dashed: 13TeV, 3ab™’
5( ]
of
_5:. ]
_10+ LEP I-II |
' pp->/"
_ pp—=>/v
-15b . .
-15  -10 5 10 15

B ——

dashed: 100TeV,

solid: 100TeV, 3ab™

10ab™"

-
|

&
E
&
&

N
pp-/tl '
pp—=>/v :
2 0 2 4
W=x10°

Including 8 TeV charged DY LHC should already surpass LEP
13 TeV LHC can improve by up to a factor of 5, HL-LHC by a factor of 10 and a futue 100

Riccardo Torre

TeV collider by a factor of 100
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Yx104

Results: projections

15_, ......... T :,r ......... — .L-I. ] 4_, : T .- T T T T .1 ]
: || dotted: 8TeV, 20" | | solid: 100TeV, 3ab™ |
| 13TeV, 0.1ab™" ] | dashed: 100TeV, 10ab™"
10k |l solid: 13TeV, 0.3ab™" | i ‘
] dashed: 13TeV, 3ab™’ |
| 2r i 1
5 i/ ] |
| i . \
I o Il
0 -~ 0 |\
| . > I
i . 3 \f
=9 1K . |
| -2 : ]
_10l LEP I-II 1t i I
\ pp—=/t i pp-/tl '
| pp-/v 1t pp-/v |
_15 N DT . : : ............... 3 -4 [y . L L : ] L
-15 =10 -5 0 5 10 15 -4 -2 0 2 4
Wx10° Wx10°
LEP ATLAS8 | CMSS8 LHC 13 100TeV | ILC | TLEP | ILC 500GeV
luminosity | 2x 10" Z | 19.7f/b~! | 20.3fb~! | 0.3ab™! | 3ab™'| 10ab '| 10°Z | 104 Z Jab~!
NC | Wx10* | [-19, 3] [—3,15] | [-5,22] +1.5 +0.8 | +0.04 +3 +0.7 +0.3
Y x10* [—17, 4] [—4,24] | [-T,41] +2.3 +1.2 | +0.06 +4 +1 +0.2
CC | Wx10* +3.9 +0.7 | +0.45 | +0.02
Riccardo Torre BSM physics and reinterpretation of measurements 15



Validity of the EFT

pp - v

Derivative expansion
breakdown

| —TT

il R I —

pp - '~
3 : 1 ] I I I 3 I '\l.\_‘..‘.‘: I I
101 —_ Derivative expansion . 101L N
breakdown : o ”
= ) i
> 10° 4 % 10% =" -
2 f =
3t 3
10°W —— Ocuc=2%,10%
1o-1| dotted: 8TeV, 20" - \o-1| dotted: 8TeV, 20fb™
- solid: 13Tev, 0320  TTTTTTOO E - solid: 13TeV, 0.3ab™
.| dashed: 13TeV, 3ab™ [ dashed: 13TeV, 3ab™
3 1 1 1 I1IGEI 3 L 1 IEI

103 3

The strongest constraints comes from high energy events
Constraints saturated around 1(3) TeV for the LHC at 8(13) TeV

The constraints is about a factor of 10 below the scale of breakdown of the perturbative
expansion, which corresponds to O(1) NP effects

Therefore, as expected, in this channel we are testing ~10% deviations

Riccardo Torre
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Constraints on new physics

Universal constraints on W and Y are applicable to different NP scenarios

An example can be a triplet of heavy vectors (HVT)

4

£y = LD, vapive 4

3.0

1.0

LEP I-lI

LHC-14: pp=Vy=I'T ]
0.5 LHC-13: W
dashed: 0.3ab™"
solid: 3ab™ _
0.0 3 5 10 30 50

Min TeV

Riccardo Torre

ME L (24 () L
VeV — gy VR,

3.0

2.5

2.0
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CC-100: pp= V=!I
FCC-100: W
dashed: 1ab™"
solid: 10ab™"

30 50 100
M in TeV

17



Beyond leptons: jets

A similar exercise can be done using di-jet distributions Alioli et al., 1706.03068

Can consider in the SM EFT the operator

4
4m%,v

2
(D)

Modifies the gluon propagator at high energy (enhancement in jet cross sections at high
invariant masses)

More challenging due to larger uncertainties, but under control within 10% in the
interesting region (at large masses theory uncertainty dominated by PDFs)

The analysis proceeds in a similar way as for di-leptons

7 TeV searches Jumi [fb™!] cuts rapidity bins
2) . .
. 100(50) GeV 2 1)/2
ATLAS dijet [29] 4.5 pﬂ“m z 3 RE :)0 ¢ i/ SV (“; )/ ATLAS, 1312.3524
. . 100 GeV /2 L +1)/2
ATLAS inclusive jet [30] 4.5 |yp|:r{}3 R :EG 6 i/ i E|0{ (E—E )/ ATLAS, 1410.8857
CMS dijet, 31 “ 0 pr? > 60(30) GeV | /2 < max|y| < (i +1)/2
) | ‘ R =07 t=20,...,4
. - CMS, 1212.6660
: . pr > 100 GeV if2<|yl < (i+1)/2 ’
CMS inclusive jet [31] 5.0 R0 i=0,....4
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Prediction vs data

Alioli et al., 1706.03068

Dijet
10} CMS A
= =7 TeV, 5.0 b’ B
& 0.5} Vs © -
= I
i.f 0.0 v
>
E -0.5¢ T
= p=0.30 (Sje) ‘ 1 p=0.31(Sg) _
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i i i i ' i i i M i i i i P T T i i i i
10} ATLAS I i
s =7TeV, 45" I |
T 0.5} Vs ©
T
i.f‘ 0.0
>
E -0.5¢ T
= p=0.16 (Sje) 1 p=0.01(S) .
-1.0p  P=0.21 (Snojer) y'<0.5 1 p=0.31(Snoet) 0.5< y"<1 ]-1.
200 500 1000 2000 5000 200 ' 500 1000 2000 5000
my in GeV my in GeV

NNPDF30_NLO_AS_0118 including jet data
. NNPDF30_NLO_AS_0118_nojet not including jet data (LHC & Tevatron)
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Prediction vs data

Alioli et al., 1706.03068
Inclusive jet

1.0f 11
CMS | |
3 Vs=7TeV,50f" A
% 0.5t ~
s i
o |
% — B
-[I, u‘[} ------------
]
£ -0.5} 1
p=0.99 (Siet) I 1 p=075(Se)
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1.0F : - — + | - — 1.
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NNPDF30_NLO_AS_0118 including jet data
. NNPDF30_NLO_AS_0118_nojet not including jet data (LHC & Tevatron)
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Results using 7 TeV data

95% CL bounds on Z x 10*

Analysis

Snu—jnt - 1bin

Alioli et al., 1706.03068

Sno-jet - 2bins | Sjet - 1bin

ATLAS dijet
ATLAS inclusive jet
CMS dijet
CMS inclusive jet

* excludes the SM at 95% CL

Already observed by ATLAS that
the double differential fit is bad

Suggests (reasonably) that theory
prediction may not be under
control (NNLO needed?)

-19.8,+3.9]
-18.7,+8.7]
-18.3,46.0]
-18.9,+3.1]

%

4+4.1,49.3] | [-5.4,+4.3]
-6.5,+1.3] | [-3.2,+8.0]
-2.3,+5.5] | [-5.5,42.8]
*[-8.6,-0.4] | [-8.0,4-1.9]

1071

$107%
m =
|

103,
10_4!_

1050
1

ATLAS 7 TeV

dijet (solid)
inclusive pr (dashed)

Snu—mi {mﬂlk}
Siet (thin)

2 3 4
Number of rapidity bins included
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Results: projections

Alioli et al., 1706.03068

8 TeV
95% CL bounds on Z x 10* for /s = 8 TeV

Analysis Sno-jet - 1bin | Sno-jet - 2bins | Sjet - 1bin

dijet -9.4,+4.9] -2.6,+2.1] -2.1,+1.8]

inclusive jet | [-13.8,+4.2] -2.5,+2.3] -2.7,42.1]
13/100 TeV

95% CL bounds on Z x 10* for v/s = 13,100 TeV

Analysis v/$ — Luminosity Sno-jet - 1bin Sno-jet - 2bins Sjet - 1bin
13TeV — 40fb~* [-3.3,+1.7] -1.0,40.9] -0.8,+0.7]
dijet 13TeV — 0.3ab™! -3.1,+1.4] -0.7,+0.6] -0.6,+0.5]
13 TeV — 3ab~? [-2.84+1.2] -0.5,40.4] -0.5,+0.5]
100 TeV — 10ab™ ! | [-4.5,42.5]x1072 | [-2.4,41.7] x1072 | [1.4,4+1.2] x10~2
13TeV — 40fb~* -5.0,+1.5] -1.0,4-0.9] -1.0,+-0.8]
nclusive jet 13TeV — 0.3ab~! -4.2,+1.1] -0.7,+0.6] -0.7,4-0.6]
13TeV — 3ab™! -3.5,+0.9] -0.5,40.5] -0.6,+0.5]
100 TeV — 10ab™! | [10.7,4+2.6]x1072 | [-1.6,+1.4]x10~2 | [-1.9,4+1.5]x10~2
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Validity of the EFT

30 ae
Derivative expansion 10 :;‘ LI
10 ——- breakdown ] - ST o S
vy R ' s 3
N3 N
I= o 4l
N TE ATLAS 7 Tev N | ATLAS 7 TeV N
C CMS7 TeV i e —— : |
CMS 7 Tev - S . S
0.3} Snoet/1bin (dashed) 031" 5,0 jei/1bin (dashed) L 1
Siet/ 1Din (solid) ) Sjet/1bin (solid)
D-.l : : : I I : - D -‘l ] 1 L L ] ]
500 1000 3000 5000 - 500 1000
Acut In GeV (my<Acut) Moyt In GeV (pr<igy)

Differently from DY here constraint barely within EFT validity
At 7 TeV does not yet reach the saturation (which would appear at few TeV)

The constraints is close to the scale of breakdown of the perturbative expansion, which
corresponds to O(1) NP effects

Therefore, as expected, in this channel we are testing O(1) deviations

Improving on uncertainties (especially PDF one) would improve EFT validity
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Constraints on new physics

Universal constraints on Z can be translated for instance in bound on heavy gluon
Alioli et al., 1706.03068
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Conclusions

The precision LHC program can extend beyond Higgs precision and include EW
precision (oblique parameters, anomalous trilinear gauge couplings, etc.)

The growth with energy of operators in the SM EFT, which enhances new physics
effects to 10%-0O(1) is essential to perform EW precision at LHC

It is crucial that systematic, statistical and theoretical uncertainties are kept below the
~10% (the goal being %), which requires a joint effort from the theory (NLO-NNLO
calculations) and experimental (smart analyses technique) communities

DY is a very simple example, where uncertainties are small and the LHC can compete
with and surpass LEP in constraining certain observables

Di(multi)-jet is a more challenging example, that highlights the role of experimental
accurcay

The precision capabilities of the LHC can be extended to future hadron colliders
making more interesting their comparison with future leptonic machines
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