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Part 1
SM and QCD corrections at the LHC



Standard Model (SM)
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Summary of the cross section measurements of SM
processes.

September 2017 CMS Preliminary

A @ 7 TeV CMS measurement (L <5.0 fb™
i S S R S S A @ 8 TeV CMS measurement (L < 19.6 fb™)
SR S S S S S S S @ 13 TeV CMS measurement (L < 35.9 fo™)
Snjet) 4 41 — Theory prediction
o T L L. Z. CMS 95%CL limits at 7, 8 and 13 TeV
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All results at: http://cern.ch/go/pNj7
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Parton model

Physics programs involving hadrons rely on QCD parton model calculations

Beam remnant

Incoming proton
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Hard parton S \ FSR
Interaction 4 70 /}/*
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Perturbative part

e

Non-perturbative part

QCD radiations

At the LHC, QCD controls the theoretical predictions for the production of
any particle in both the SM and NP at hadron colliders.



QCD fixed order calculations
and resummation

Fixed order
calculations

do = fofy ® 0 & F

SN

_ _ Fragmentation
Proton parton Perturbative partonic J44/<
distributions Cross section

(virtual & real radiation)
Schematically:

6=o0g[l+as+as+-]

/7 x
Contains «ag of

tree level process NLO NNLO, _
current frontier



What Is Resummation

large logarithms L = ln%, arising from

hierarchy between small variable m and large
scale Q, so the convergence is poor and the
fixed order predictions are unreliable.

Thus, these logarithms should be resumed to
all order.

LO NLO NNLO NNNLO

a short-distance scale Q
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Example: Why Resummation

Drell-Yan production

Fix order is invalid

T. Becher. etc. JHEP, 2012 (2), 34.
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Cross section dominates at small qr



LHC physics at 1% precision

T 1F  ATLAS | VsaTev,203m"
[
2101 556&\!{&-:11565\! |3r|-=:24 -
51, \
=108
-E 10-¢ +— ee-channel ., 1.-":
;"?, . —%— up-channel ."’ E
10 —— Combined ® 2
1 0—5 L . o o
Statistical uncertainty -' o
107" = [l Total uncertainty . o
.I O—B . =D_|_
TS
3|2 1.01 I =
oy == =
S -E | - - — "‘1‘2
£= & -
D L1
9IS 0.99 _
— ¥ T ]
© 2 :
—— ﬂ llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll -
£ -2 _ .
1 10 10°
p [GeV]

Experimental uncertainties for Drell-
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Current theoretical uncertainties is
significantly larger than experimental
uncertainties.



Processes with Large Logs

Case 1: parton shower Monte Carlo

do = fofp ® ¢ QPS5 Q@ F

Matrix elt. & parton shower merging

LO NLO NNLO NNNLO
oc=0p[l +a,l* + a?Ll*+ all® + ..LL
+ al + a2l + all® + ..
+ a;, + all? + all* + ..
+ all + all’® + ..
+ af + ail® +--
ed. L = In(Pf*/my) + aS:?L + ]

Parton Shower
eg. Pythia is LL (+ tunning )
eg. MC@NLO is NLO+LL

® Automatically done for given hard process
® Full kinematics
® Difficult to go to higher orders



Processes with Large Logs

Case 2: analytic resummation
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Often can exploit
Factorization formulas for individual cross sections:
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Part 2

Electroweak Gauge Boson Pair production

» Threshold resummation
» Transverse momentum resummation

> Jet veto resummation



The Total Cross Section for WZ Production

| 20.3-410'8 stat.
ATLAS 8 13 1o ‘ﬁ(? ) _ 20.3 + 0.8
Ti(syst.) Ty s (lumd.)
24.61 + 0.76(stat.) 17
CMS 8 19.6 _ 219175z
+1.13(syst.) = 1.08(lumsi.) '
lumi. exp. NLO
Mar. 2015 UIVIS Freliminary
T T T T T T T T | T T T T
CMS measurements 7 TeV CMS measurement (stat,stat+sys) +———o—+—
vs. NLO (nnLo) theory 8 TeV CMS measurement (stat,stat+sys) +———e—+—i
YY, (NNLO th) ——to——— 1.06 +0.01+0.12 5.0fb"
Wy o ——— 1.16+0.03+0.13 5.0 fb"
Zy ot 0.98+0.01+£0.05 5.0fb"
Zy —— 0.98+0.01£0.05 19.5fb"
WW+WZ 1.05+0.13+0.15 4.9fb’
The me_asu_rement_s for ZZ_ WWw — e 1.11+£0.04 £0.10 4.9fb"
production is consistent with NLO WW, (NNLOth) e 101+0.02+0.08 194 fb"

predictions, But the NNLO
corrections for ZZ production

increase the NLO result by 12% (e

when Vs=8 TeV

ZZ
Z

1.17 £0.07 £0.07
112 +£0.03 +0.07
0.99 £0.14 £0.07

1.00+0.06 +0.08
| | |

0.5
CMS PAS SMP-13-005
F. Cascioli, et al., PLB 735, 311 (2014)

All results at:
http://cern.ch/go/pNij7
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There are about 2o discrepancies for WZ
productions in the CMS measurements

CMS PAS SMP-12-006



Testing Standard Model (TGCs)

LO production diagram

TGC ---- fundamental
predictions of the non-
Abelian SU(2) XU(1)

— I gauge structure of
coupling parameters channel electroweak theo ry.
Www- Aoy, Dy WW, W-
WWZ Az, Akz,Agf WW, WZ - -
77~ . /7{,-772{ f Z~ %%%R/Bﬁ@;%ﬂ] EP‘@%J@/B%@?*%
Z~ hi.h, Z AR HBIEI, AR R UE R OR
ZrZ (5. 5 27 N (Hagiwara et al, NP,1987) :
ZLL fan, fed 7
In SM, no neutral TGC
Lwwv/gwwy = ig) (W,WHVY — WIV,WH) +iky WIW,VH vertex at LO.

A
+ i W WV = g WIW, (VY 4 V)
w

Charged TGC vertex at LO

+ gl e (WIW, — Wi W)V,

) ) are onl
0 i.%VWJWVV“”+i)\—‘2/W§MW”VV”>‘, y
% A’)/ = A’Z = O
- O 2 1 _ — —
Lo = —ie|(RV P 4Ry F) ZM—( +;”V)VV gz =k, =kz=1
mz
n (hVFW 4 hVﬁ»,uu) o (D + m%/) 9.0V G. J. Gounaris, et. al. Phys. Rev. D 62, 073013 (2000).
? ! m$ "Y1’ K. Hagiwara, et. Al. NPB 282 253 (1987).




Testing Standard Model (TGCs)

CMS Preliminary \s =8 TeV,L=19.6 b

July 2013
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At the one-loop level, fermion

triangles generate nTGCs : 1074,
G. J. Gounaris, et. al. PRD 62, 073013 (2000).

aTGC effects: often increase
cross sections at high invariant
values of NnTGCs :107% ~ 1073. mass (Myy) and its proxies (qr)

J. Ellison and J.Wudka, Annu. Rev. Nucl. Part. U. Baur et. al. PRD 53, 1098 (1996)
Sci. 48,33 (1998).

Many new physics models predict



Irreducible Background
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CMS Collaboration, Phys. Rev. D 89, 092007 (2014)

AlS0: models with extended Higgs sectors, extra vector bosons, extra
dimensions or models such as Supersymmetry and Technicolor.



Fixed-Order QCD Correction

September 2017 CMS Preliminary
T T T T T T T T T T T T
CMS measurements 7 TeV CMS measurement (stat,stat+sys) — +—o——
vs. NNLO (o) theory 8 TeV CMS measurement (stat,stat+sys)  +—e——
13 TeV CMS measurement (stat,stat+sys) ++e——
1Y —o——— 1.06+0.01+0.12 5.0fb"
Wy, (NLO th,) — : © 1.16+0.03+0.13 5.0fb"
Zy, (NLO th) RO 0.98+0.01+£0.05 5.0fb"
ZY, (NLO th) ey 0.98+0.01+0.05 19.5fb"
WW+WZ ———o — 1.01£0.13+0.14 4.9fb"
WW —_ 1.07+0.04+0.09 4.9fb"
WW e 1.00£0.02+0.08 19.4fb"
WW — e ——i 0.96+0.05+0.08 2.31b"
wz HE o 1.05+0.07+0.06 4.9fb"
Wz ————i 1.02+0.04+0.07 19.6fb"
wz e 0.80+0.06 +0.07 23fb"
Y4 c ! 0.97+0.13+0.07 4.9fb"
zZZ — e 0.97+0.06+0.08 19.6fb
zZ e 1.14+0.04+0.05 35.9fb"
| 1 L L L | L L L L | L L L L |
Al resuts at: " Production Cross Section Ratio: 6. /G,
http://cern.ch/go/pN;j7 : exp ’ “~theo

WW NNLO: T. Gehrmann, et al., Phys.Rev.Lett. 113, 212001 (2014)
ZZ NNLO: F. Cascioli, et al., Phys.Lett. B 735, 311 (2014)



Threshold Resummation
YW, Chong Sheng Li, Ze Long Liu, Ding Yu Shao, Phys. Rev. D 90, 034008 (2014)

Generic observable in hadronic collisions :
1d MZ
o(t,M?) = O'Oj —L( )C(z as(M?)); =
T

“ Parton luminosity.

_ L(yur) = Zf —[fq(x up)far (/% 1f)]

qaq’

For the parton cross section C(z, ay), it can be expanded as

C(z,as)=6(1—z)+z(3n(z)a§; zZ = 3
n

Whenz -1

log?" 1(1 — 2)
11—z

Cn(z)~ [

+

The perturbative expansion is unreliable in this region.

The effect of soft-gluon resummation can be relevant even
relatively far from the hadronic threshold.



Factorization Formulas

In the threshold limit , the cross section can be factorized as

do
Mﬁ;ﬁﬂw)5m0®¢mﬂ

The renormalization-group equation for the hard function is

d H _ MZ,
rz (Myz,p) =2 |TE (a,) In —F=
ﬂl. ].l_'l M va ( IIL Z '“J Ftuhp(“. } ]-11 I,UQ

+ ?Tr’"’{”'-“)] Hyz (Mvz,p),
The soft function is defined as

S(b(l - 2)21»“3) - \/EI’V(E’(]- - 2:)2, ,UJ),

oW (@, pig) = exp (=4S (pg. pis) + 2aw (ps. pis))

(0 ) w*\" e~
S C i JHS. JU% ]-\(2” )

After combining the soft and hard function, the differential cross section
can be factorized as

do oo [dz (T

0 &, ii)HFﬂLah(?MyJ“hJ-.
(jinl'férz g p z-f.! vz (Myz, pun) C( 15',!}.!*.}}}.

T~



where
L(y.puy) = Z / di[fq(l pr)fg (/X pp))ls

and C(Myz. py,. pis. pyp) can be written as

C(MVZ* Hp ﬂ"—“"‘luf)
= exp [4S(uy.ps) — 2a,v (up. pg) + daq (ps. piy))
. (M%’z) —2ar(pg.py) (1 — 3«;)2?}‘—1

#% -1

(2P ] e
X 5 [ln( - + Oy M T2




Factorization Scale Dependence

In order to get the total cross section, we should including the
nonsingular terms
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2 — 7 7 3 -
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The Invariant Mass Distribution

pp—> W Z,
=M, B=M,,, pn=n"", MSTW2008 PDF
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with the predictions by
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Compare with Experiments:
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W~Z production
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The Total Cross Section
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ZZ production
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A CMS

10 12 14
\S (TeV)

The total cross sections with different center-of-mass
energies for gauge boson pair production at the LHC.



Transverse-momentum resummation

Y. Wang, C.S. Li, L.Z. Liu, D.Y. Shao and H.T. Li, PRD, 88,114017(2013)
WMEH YRR — K E RS S R X 2 AR S, e AL iz RS T dds &
AR BRI AT, HigshE o m SR ER S IE T R AAAE IR R 2 7, M RE I 5% 4
VE—AEefk, ARk B & 4040 n] DLVE SR IGHT P BE 0 — > s 20 &=

qr Distribution CMS-PAS-SMP-13-005
bind together cms (s=8TeV, L =196 "
}) L/ E;: 1.2 :: LN L L BN R LB BN N N BN BL RN R B N B | 2_
8 E —e— Unfolded data
— 1~ [ Total uncertainty b
‘ = [ 2z X
'— = —
"""""""""""" a o8f —— MCFM NLO .
N .
N NN i
p 35 06PN ki
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V o I i
v 04 -
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from the hierarchy of the small
transvers momentum of the gauge
boson pair and hard scattering scale.

Data/MC




Factorization Formulas In SCET
The factorized differential cross section can be written as

Po 1 1 , S
: ‘ —=_—FHyy , fd'_x‘J_eJ_IqL"‘L
dgrdydM= S o A7

X Z[BQKJ’VI (Z]. ’i% J[Lf]:Bq-’}n’Nl(:j- ’i% JLLf]
q.q'
+ (g — g") ] (
where B, yis the transverse-momentum-dependent PDFs, which
Is defined by operator product expansion.

QCD

Combining the evolution effects of the hard function and beam
function, the factorized differential cross section is

ddl I_‘j,?fg
".f (2, 2
qudL,r Z Hyy (M, py f /& Coq u 215 22, '-YT :“f) UB

U 9.9".9

XQi/N, (§1/21, f5)Dj/Ns (&2/ 22, p15) + (g, 1 & q J)] :
where

/ drrxrJo(xrqr) exp lgr(n, Ly, ay)]

[f (Zla LJ.& &S)I_{;’i—j(z& LJ_': {]55)] 3

2
C’qq’—}tj (Zl s 225 45 4”’]) -

1
2 Up
X



Theoretical Uncertainties

W* Z + W Z Production -

7N .'
LUNLO+NNLL

Scale uncertainties:
Ao < 1%, when g > 10 GeV.

- -

Ao < 4%, at peak position. >

0

~
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}_

2000 T - ey . — ] — g

__ PDF uncertainties for W'Z + WZ production B
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| CT10NNLO

1200} [

800 - 50
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400

00 5 10 15 20 25 3‘0 3% 40 45 50 . .
o PDF uncertainties
R ] In the large gy region: <2.5%
g’ ’ KRR R In the peak position: <4%,
S 51T .
: |
ie]

S I I R TR T
g, [GeV]
with MSTW2008 NNLO 90cl and CT10 NNLO 90cl.



Compare With Other Work

600 R SRR GEAS AR BAGET IR BRI Radd ¥ rn] LS
ZZ production 14 TeV

NLO + NNLL ]

R. Frederix et. al. NLO +NLL

< 400 .
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Compare the results in the SCET
framework with the prediction in
CSS framework.
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P. Meade, H. Ramani, M. Zeng, Phys. Rev. D 90, 114006 (2014)



1/64, d 0,/d(ZZ p.) (1/GeV)

Data/MC

Compare With Experiments

CMS Vs=8TeV,L=19.6fb"
| T T T T T T T
[ —e— Unfolded data -
1'_ (53] Total uncertainty _-
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Compare with the data with 19.6 fb~! at /s = 8 TeV
at the LHC by the CMS collaboration.



Jet Veto Resummation
Required pPr < pT,veto

: . o
Jet veto: Allow jets with low transverse
momentum pl°* < preto~15 — 30 GeV
W
/4
why ? —
ATLAS-CONF-2014-033
%12000—- ATLAS P}ehmlnary '%—] ol —
& Z E 8TeV Ldt=2031b" WWMC ]
Suppress backgrounds 10000f- & v ramel — A
(particularly top-quark backgrounds) 8000} EZ:& i
6000f" * = * N
) t— E
veto 2000. - _:
Multiple scales » al ln"(pT ) 7‘ _\==

\ Jet mumpllcnty

Resummation



Why Jet Veto?

In order to suppress the SM background (e.g. t t process)
which can produce more energetic jets, the jet veto is
always applied by experimentalists.

ﬂ 2400 — l 1 I I 1 T T l T 1 I I T 1 I I __
w & - ATLAS o Data % SM(sys ®stat) 3
L%J 22005 [ Diboson [ ] Top =
— s 2000(Rs=7TeV, | Ldt=2.05fb" M Z+jets I :H[150GeV]
1800 ;— [J W+jets (data driven) _;
1600 ;_ H—-WW —=lviv —;
w 1400F =
Veto 12 E
b 10( _E
t E
W E
Jm PO R T | E
6 8 10
Veto N

o
—
n



The Total Cross Section for WZ, ZZ Production with a jet veto

Y.Wang, C.S. Liand Z.L. Liu, PRD,93,094023 (2016)

The WW cross section is
consistent with the NNLO
theoretical prediction, where
the simulated signal events
generated by POWHEG are
reweighted by the NNLL
transverse momentum
resummation predictions.

We may apply this

CMS PAS SMP-14-016

Mar. 2015 CMS Preliminary
T \ T T T T T \ ‘ T T T T
CMS measurements 7 TeV CMS measurement (stat,stat+sys) +——+—o—+—
vs. NLO (uwoj theory 8 TeV CMS measurement (stat,stat+sys) +——e——

—

YY, (NNLO th.) —o——— 1.06 £0.01£0.12

Wy — o 1.1640.03£0.13 5.0fb"
Zy o 0.98+0.01£0.05 5.0fb"
Zy —.— 0.98+0.01+£0.05 19.5fb"
WW+W2Z — — 1.05+0.13+0.15

5.0 fb!

491"

491"

WZ o 1.17 £0.07 £ 0.07
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RG-improved cross section
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FIG.6. The NLO + NNLL total cross sections for different R with /S = 14 TeV. The left figure is for W*Z production and the right
one is for ZZ production.
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Pseudoexperiments
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Measuring Higgs couplings
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Higgs self-couplings

In SM, the electroweak symmetry breaking is triggered by a special Higgs potential

Measuring Higgs self-couplings is important

v’ clarify the Higgs potential
v’ test the electroweak symmetry breaking mechanism
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The trilinear Higgs self-coupling can be measured through:

e gluon fusion
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e vector boson fusion

e double Higgs—strahlung

e associated production with top quark

q W.Z
W.Z t
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q SO H g s~ H
3 m\ f
NNLO in QCD
[1.B. et al, THEP 1304 (2013) 151 NLO in QCD
Frederix et al, Phys.Lett. B732 (2014) M,‘I

o(WEHH) x BROW®* — (Fvy,, HH — bbbb) = 0.042fb,
o(ZHH) x BR(Z — viv, HH — bbbb) = 0.028fb,
o(gg — HH) x BR(HH — yvybb) = 0.053fb,

The different channels are complementary
to each other and deserve discussion on
the same footing.

Qing-Hong Cao, Yandong Liu, Bin Yan,arXiv:1511.03311



NNLO corrections to Vhh production
H. T. Li, J.Wang, arXiv:1607.06382; H. T. Li, C.S.Li, J.Wang, arXiv:1710.02464
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H. T. Li, C.S.Li, J.Wang, arXiv:1710.02464
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NNLO corrections to Vhh production

H. T. Li, C.S.Li, J.Wang, arXiv:1710.02464
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k factor

NNLO corrections to Vhh production
H. T. Li, C.S.Li, J.Wang, arXiv:1710.02464
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CONCLUSIONS

thershold resummations for W*Z and ZZ productions at NLO + NNLL
accuracy at the LHC with SCET, including m? enhancement effects, which
show that the resummation effects increase the NLO total cross section by
about 7% for ZZ and 12% for WZ. Our results agree well with the data
reported by the CMS and ATLA.

transverse-momentum resummation for WW, ZZ, and WZ pair productions at
the NNLL + NLO accuracy with SCET at the LHC. We also find that our
results agree well with experimental data reported by the CMS Collaboration
for the ZZ productions at VS=8 TeV within theoretical and experimental
uncertainties.

|et-veto resummation for WZ and ZZ pair production at NLO + NNLL
accuracy with SCET at the LHC, and we present the invariant mass
distributions and the total cross sections. Our results show that, in general,
the jet-veto resummation can increase the jet-veto efficiencies and decrease
the scale uncertainties, especially in large center-of-mass energies. In the
WZ channel our resummed results agree with CMS experiment data within
20 C.L. at VS=8TeV.




CONCLUSIONS

rential NNLO QCD calculation of pp>Zhh, and find that th
ns are very sizable and change the shape of NLO kinema
lons. In the peak region of some differential distributions, th
ns reach up to 80%, compared to NLO results. Our result |
t ingredient for extracting information on the Higgs self-co
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