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Introduction

* Jetvetoes are important at the LHC for separating signal from background.
Signal Background

N ™ T g
T T

eqg: H - WW: Jet binninginto o-jet, 1-jet, 2-jet.
o-jet bin: Hard jets with pft > psit~ 20 — 30 GeV are vetoed.

Jet selection cuts and vetoes on additional emissions induce Sudakov
double logarithms.

CESC cut
Eg: gg - H + 0 jet: 00 (05) o op(1 — 2552 1og? UL

™ mg

+.)

* Fortighter jet vetoes (p§*f «< my), these logs become large and dominate
the perturbative series — increased theoretical uncertainties.

* These logs must be systematically resumed to obtain reliable theory predictions.
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Rapidity- dependent Jet Vetoes

Using the p, of the jet as a veto: In harsh pile up, low pr jets hard to
identify in forward region of detector || > 2.5.

 Cantryto get around this by a hard rapidity cut: vetoing only jets
with || < 2.5 .

* Or raise PF* everywhere : Lose the utility of a tight central jet veto.

* Use a different jet veto that depends smoothly on the rapidity of jets.

Tri = |prilf(y;) #(y,) : decreasing function of |y/; .
Tight veto at small rapidity and

Tackmann, Walsh, Zuberi ‘12, loose at large rapidity.

SG, Stahlhofen, Tackmann ’14.
cut

e jet __ _
PT3 =5 0) Ty =T
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Rapidity-dependent Jet Vetoes

Two observables: ’Té : f(yj) — ¢ lvi—Y] : J f(yj) — e~ 1Yil

Becm

I o £l — 1 (R N — 1
C - f(yj) ~ 2cosh(y;—Y) Ccm f(yj) ~ 2cosh(y;)
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Two observables become equal
at forward rapidites.
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Factorization for H+0- jet

resum HOIIS
doy,

dJD jet cut
v (T <T+ =y

dy

(T_]et Tcut) — (Tjet < Tcut)

da.resum

dY (Tjet < TCUt) — O'BHgy(mta mH? ”H) g (mH TCHJE’ mﬂ? R: ;«LB)BQ(ITRHTC”E :I:b’ R: ”B)

«3,C
Sw '[T( "R, M) + O(Rz) (Tackmann, Walsh, Zuberi '12)
(Stewart, Tackmann, Waalewijn ‘09)

do ~ |C 9H| (papbl OggHM OQQH ‘papb)

~ Oa 0. Ob Measurement Function hemisphere b hemisphere a

OQ‘QH - HB” J_ [}?if, ;)/?H,r.]B:ib_J_ |
b

1?-:il'-i:

M t- . S _l‘ " .. = _!__
M']Et M{l X Mb X M.+ 5M']e = et __ ~Eom g, I

(pb) <pa| OTM O, |pa> "
~ Y Ll b h* b BI:rlﬂ'bﬂ—f_”u‘;“rr
S(u) = (0| OT M, 0, |0)
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Factorization in SCET

By (t, it ) = (pn(P7)] fnm(ﬂ)Mj“ [6(w = Pn)Brn1u(0)] Ipn (P7))
w/P~

. . Stewart, Tackmann, Waalewijn ‘10
Collinear Gluon field ' ' J

Measurement function: My (T) =6(T5" <7 = ] 6k <7

J€J(R)
For mpyT " > Af)cp B, (t, &, NZ/ _Ig_:.l tcut Z5 [, )fj(;:uu')

Soft Collinear factorization implies: (Tackmann, Walsh, Zuberi '12)

MjEt — (JM —I—AM‘]et) (Mb +AMJet JV{ —|—A "\/{]{1}—|—5MJ613

clustering Clustering of soft and
within each collinear components
collinear and into the same jet.

2
soft sector. ~O(R%)
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Resummationin SCET

Natural Scale choice: iy ~my , g~/ T my , s~ T __1_fgfl' .....
Y
Tcut m ‘ Tultﬂb . 7"['1[[ By
lIl2 = anz—H — 112—2H + 211]2 A A
M 7 o M QY9
~B
. d -:'11‘r g (gcut f
Beam Function RGE: ,u—ln[ g (" 2, R, ,u)] =5t R, 1)

dp

(Tcut) QQH (mH5 ,LLH) Un (mHJ HH, ,LL)
X By(mug T, x4, R, ug)By(mg T, xp, R, ug) Up(mu T, up, 1)*
9(’:1, (T R, ns) Us(ps, 1)
Log Fixed-order corrections Resummation input
counting: matching nonsingular vy ¢ Deusp 15
NLL 1 - 1-loop 2-loop 2-loop
NLL/ NLO - 1-loop 2-loop 2-loop
NLL’+ NLO NLO NLO 1-loop 2-loop 2-loop
NNLL’+NNLO NNLO NNLO 2-loop 3-loop 3-loop
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Jet Clustering Corrections

We need finite parts of 2-loop beam and soft functions.
A/)’|-_r <R
Jet Dependent Measurement Function:

MiEt(’]-CUt:R) — U[AR > BJ}H['—};'”I < .Tpui }[()[7-“_; < .Tmli }
+O0(AR < R)O(TH < T°1)

* Inclusive 2 loop Beam and soft function calculation available.

* Compute difference to these inclusive (jet-algorithm independent global )
Beam and Soft functions.

* Global reference measurement we use coincide with jet-dependent at 1 loop
- We only need to consider double real emission amplitudes.

e All IR Divergences disappear in the difference.

AMINT) = (AR > R)O(Tpy < T)0(Tpo < T +0(AR < R)O(TH* < T°)
—0(Tp1 + Tpa < T)
= (AR > R)[O(kT < T0( < T — (kT + k5 < 7).
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2-loop Beam Function

{a) (b) o ic) @
S - a ki ’ _-'..'-"'" 2
' k. ! - L ’ 1":

J. Gaunt,
M.Stahlhofen,
F.Tackmann ‘14

Bz'j (f,'cm;, €Ly, R) = BG,ij (tcutj xZ, ,U,) + ABij(tGUtj €Ly, R)
* Consider double real amplitudes: A(kq, ky, x) = Ay(ky, ko, x) + Ag(kq, ko, x)

Obtained by taking soft limit of one ”Corre;a emission”
_ g5(1) 4B(1)
of the partons A, = A"~ A;; log(R),log%(R)
“Uncorrelated emission”
Use the additional measurement constraint :6(k; + ky, — (1 — 2)p™)
¥ ¥ ki - ky
ki =2Tr, ky =(1—2)Tr, COSA(PZW s Y= T, Ay =y — Yo
1112
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2-loop Beam Function

Integration of A, with (1 — (AR < R)): Done analytically. Result as divergent as
2 2
1/&% and R"/e. J. Gaunt, SG, M.Stahlhofen et al ‘17

Integration of A p: Expand in small AR limit to extract log R terms analytically.
Three 1D functions determined numerically by fitting : f(R), g(R ) and h(x) in

correlated. All # : determined analytically. o
Correlated Contribution

L'v'—"

Expansion of [#hjg [R}Q + #log R + g ]
(1=x)"1"% — £,(1 — 2){#(2)log R + h(z) + #(z)R% + #(z)R* + ...}

{ =#(x) 4 (#(.r'} : #(.rr)h’“j) ; 7!'?'“(.!?};"1’2 F#(x)R log R 4 }]

Uncorrelated Contribution

I(Q.)(f“” x, 1, R) = 72 (t", 2, 1) + Azﬁ}(tc“t,a‘:, i, R) + Aﬂg?(tmt::{:,;_z., R)

qj G.,g7
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2-loop Soft Function

Treat Abelian (CrCr) uncorrelated piece in different way to Non- Abelian (CrCy , CrTF) .

are H 1 2 are
S? (Q’GF)(TCUt,R) _ 5 [Sba.re{l)(Tcut)] + ASb (2) (TCUt,R)

f.,indep

SG, Gaunt, Stahlhofen,

| o | _ f
: e : N 2 / Tackmann ‘17
/
AN : ,f
| . TOTTO /
“TTHOT I f 2
| | {
AL N PN\

M"];:ct(Tcuth) :U[AI > R ] T < T(]H]()(THD < T‘ 11r] +9(AR< R) (T]Lt Tcut)

AMlndEP(Tcut, R) — M.let (Tcut, R) _ 9(7}1 < Tcut)g(r]}z < Tcut)
= (AR < R)[0(T7; < T) — 0(Tp1 < T)0(Ty2 < T°)]

Results proportional to R? /e and O(R*).
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2-loop Soft Function

CrCy , CfTyng channel: Correction computed via difference from inclusive soft.

/_\Mf = 0(AR > ﬁ)()(ﬂ] < Jeun ()(7-,2 < T€ ”'j + Q(AR < R)@(T‘]et < TUJt)
— O(Tp1 + Ty < T°)

2 2 2
AS)o(T B) = Ay (T, R) + AS o (T, F)
N Finite, numerically
Capturesremaining 1/¢ ,
di integrate.
ivergence.

Computed by

ASpase : log R ,log® R terms Abrest = A5y — ASbase : integrating
analytically numerically
Si (T, R, )= Sa, s (T, 1) + 2[8_ (T, w)]? + AS (T, R, )

_|_A‘HJ{ Ttlll' P}f)

Anom. Dimension: ’}‘(S,B)(ﬁut: H, R) = ’}“G,(S,B}(Tcuta ,U») T A’}’(S,B)(Tcma H, R)

J. Gaunt, SG, M.Stahlhofen, F.Tackmann ‘17
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Non Singularat NNLO

JSDHS,NNLO(.-}}j < TCUtHUFO) _ G'go ,NNLO (7}3 < Tcut)

resum,NNLL' cut
— 0 (T < T, up = ps = pn = pro)
FO,NNLO cut FO,NNLO _FO,NLO cut
7 (Tg <T )/>0 >1\(7}j>7' )
Full NNLO inclusive NLO H +1 jet
Catani, Grazzini: HNNLO .

] ] g9 — H (13 TeV)
Resummation region: Logs are large and - 10} singular my = 125 GeV
resummed: < R=05

=
c i}
pa|~my s~ T g~ /myTeut 2
l'? nonsingular
Z o.10f
Fixed Order region: Resummation is turned off: <
Ui, [ty — WO ~ My 0.01f
0.5 1 5 10 50
Ts; [GeV]

Transitionregion: Profilesfor 115, 1. provide smooth transition from resummation to
fixed-orderregion.
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NNLO Slicing Cross-check

04 99 H (13 TeV), NNLO oal 99— H (13 TeV), NNLO
- Ts = 0.1 GeV | Ts = 0.1 GeV
= 02 p=my _1 om0 p=my
é " 1 ; ____________________
. 0.0 Eb 0.0
~ s
o —0.2 > =02
15 -—= (u/2, 21), HNNLO 5 --=- (/2 2u), HNNLO
T 04 B Tg;-slicing —04r BB Tislicing
0 1 2 3 4 0 i 2 3 1

e ) 4

(FO, NNLO) = NNLL/(T < T°") + nonsing(7 < 7") + NLO 1-jet(T > T)

/ / N\

SCET Resummed ~0 for cut = 0.1 GeV Madgraph H+1-jet
results

* Reproduce right FO HNNLO cross section for both B and C observables.

* Good cross check for 2-loop B and S including constant terms in the

resumed prediction.
J. Gaunt, M. Stahlhofen, F. Tackmann et al ‘15
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Uncertainties using Profile Scale Variations

Central Profile Scales: tu = —ipro , 15T ) = pro frn (T /my),

up(TM) = pro \/fmn(‘]'cut/mH) Stewart, Tackmann, Walsh

tal’13
Resummation Region: frun(2) = sz
.11 J S N A
Total Uncertainty : ool 125Gy ===
— Tay < T i
AQ — [AFO(Tcut)] [_\n munlrf’rru1 ﬂ 3: 150 Hs
. Lo )]
Fixed Order: (7" ~ Q) : A} = AFO sof
Resummation: (77" < ()) : AT = Arermn o .
] 20 40 G a0 100
T [GeV]
120F g9 = H {is TeV)‘_,...I - 120fF g9 = H (i3 TeV) I __.-;I I
my = 125G\, ~ .~ my =125GeV .o
100F 7, < T537 7 , L00F Ty < T Lov” A
E 8o} ; g: wf ’
60f L
@ aof ps(a=0) 9 4ot ps(8=0)
20 === ppla==£1) | b/ ps(8=0)
— == ps(a = £1) S pp(8 = £1/6)
G i i A i Il L L 1
0 20 40 60 80 100 % 20 40 60 80 100
T [GeVI T [GeV]
-]
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H+0-jet cross section at NNLL" + NNLO

1]
(=]
L
=1

99— H (13 TeV)
[ myg = 125 GeV
L R=05

=
=

o’ = |
S 30} =30
E — NLL - ;r?; 20} — NLL
=] ' () B /
° g9 — H (13 Tev) = NLL'+NLO ; NLL'+NLO
10 my = 125 GeV — NNLI/+NNLO - 10f — NNLL'+NNLO
R=05 Toy < T, = 1 ' To; < T 7, =2
T T T R T 0 10 20 30 40 50 60 70 80
rrcut [GEV] -Tcut (GeV]
oo (T")[pb] (rs = 1) ao(7")[pb] (rs = 2)
NLL'+NLO
Trj < T = 20GeV 32.88 + 6.95 (21.2%) 32.02 + 4.75 (14.8%)
Tp; < T = 30 GeV 37.05 + 6.12 (16.5%) 36.50 + 4.96 (13.6%)
NNLL'4+NNLO
Tij < T =20GeV 37.03 + 4.06 (10.9%) 34.81 + 2.57 (7.39%)
Tpj < T = 30 GeV 39.77 + 3.11 (7.82%) 38.30 + 2.23(5.82%)
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H+0-jet cross section at NNLL" + NNLO

50 .
gg — H (13 TeV)
a0l Wiks 125 GeV
MR=05
2 | —
2 30f 1 ﬁ 30¢
i El
= 20 = NLL’ E ol B NLL
gg— H (13 Tey) == NLL'+NLO S — NLL'4+NLO
10} mp =125 Gev = NNLL'+NNLO ol — NNLL'+NNLO
R=10.5 TE:'j‘:TTUt;Ts:l t
. . . ) . _ , Tei < T ry=2
10 20 30 40 50 60 70 80 / . . . . \ , \
o [GeV] 10 20 30 40 50 60 70 80
T [GeV]
NLL'+NLO
ng < T — 20 GeV 34.28 + 7.37(21.5%) 33.40 £ 5.24 {15.7%}
Toi < T = 30GeV 38.10 £ 6.05(15.8%) 37.82 4 5.27 {13.9%}
NNLL'+NNLO
ng < T — 20GeV 40.05 £ 6.28 (15.69%) 37.2T L+ 3.64 {9.77%}
Toj < T — 30 GeV 41.39 £ 3.75(9.07%) 40.05 4+ 2.75 {6.88%}
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Effects of Underlying Event and Hadronisation

50 ' ' ' ] S0F
40 40}
=) =
= 30 o
E— 5
E 20 g9 — H (13 TeV) =—=NNLL+NNLO (r;=1) - E:S 20l gg — H (13 TeV) = NNLL'+NNLO (r, = 2)
; my=125GeV == NLO+PS(had on, UE on) © my =125 GV === NLO+-PS(had on, UE on)
lord;  R=05 == NLO+PS(had on, UE off); 10} R=05 ~= NLO+PS(had on, UE off)]
Toy < T —=NLO+PS(had off, UE off) Toy < T —- NLO+PS(had off, UE off)
0k . . . . . . .
120 30 40 5060 70 80 0 10 20 30 40 S0 60 70 80
T [GeV T [GeV]
40 .
gg — H (13 TeV)
my = 125 GeV
2l R=05
A <Y
%: 20 p
~,
= ,;)z-" —— NLO+PS(had on, UE on)
/ o
10f ;’;f:’ —— NLO-+PS(had on, UE off)] WS
, ,‘
f}:';,f pr; < T —- NLO+PS(had off, UE off)
"-r', . . .
0 10 20 30 40 50 e 70 80 Hadronisation Underlying Event
T [GeV]
6/11/2020 Shireen Gangal 18




Tcut)

R[UE{nﬂ UE] (

Effects of Underlying Event and Hadronisation

—
=

=
o

=
.

0.2f

— e ———

JE—_—
..--""-'-
-

gg — H (13 TeV)

// my = 125 GeV
/ R=05
/
— ’ngj L Tmt
—— i}'{‘jlj {: 7"(:".1..]}2
f — prj < T
L~
V
5 10 15 20 25
T [GeV]
cut
R(UE/no ur)(TM)
ut
R (10 had /had) (T™)
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e o i — —
e
T

gg — H (13 TeV)

Shireen Gangal

my = 125 GeV
R=05
— Ty < T
- Toy < T2
= pry < T
0.0 5 10 15 20 25
T [GeV]
t
0 (Tcu ) had on, UE on
0 (Tcut) had on, UE off
t
0 (T") |had off, UE off
0 (7T°") |had on, UE off
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Summary.

Rapidity-dependent Jet vetoes : Efficient to veto central jets.
Can avoid experimental and theoretical limitations pr; veto.
Can provide complementary ways to perform jet binning.

Computed 2-loop beam and soft functions for the rapidity-dependent jet
vetoes, including all parton and color channels.

Computed H+ O-jet cross section at NNLL + NNLO for Rapidity - dependent
jet vetoes. Precision of resummation to same level as pr; .

The cross sections with Rapidity dependent jet vetoes have a reduced

sensitivity to underlying event and hadronisation effects compared to that
with a py; veto.

Future Directions: Drell Yan cross section at NNLL + NNLO.
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H+o-jetat NLL' + NLO

III | IIIIIII|IIIIIIIII|IIIIE
Comparison of our NLL'+ NLO HIH ATLAS
predictions in bins of 7" z -”X”;_TBP;Li :.;Lf::f’;fﬂ—
O - i
with the ATLAS measurementsin the & f
H - yy analysis. %o i
= 0.1 =
SG, Tackmann, Stahlhofen 14 Ny S
= " H —~~ (8TeV)
B nn;:l‘ﬁ.’id GF\’I | | |
D.D]-nllllllll:ll[]llllllIl‘lzdllIIIII:IadIIIIIII':Il[-iIIIIIIllédlll
Ingredients at NNLL': T [GeV]
_ 2 (0)= .. (2) 2
Hyg =|C 9H| +a,Re [OQQHC ] s (QRB [C CQQH} © 9H| )
Harlander, Kant, ‘05
Berger, Marcantonini,
(” ) Stewart et al ‘11
Rsub __ avg 0 t
T9 = (4?1_) H( ) Utota,l(Tcu s MHHs B 1S, “FO) X [{fg (mﬂ’ JU’B) fj (mb”u’B)

X (Aﬂézj) (wb: Havg R) + Scéﬁ)(mbﬁﬂa\’gﬂ R)) + (&E‘a A 35‘5)}

+ fg (ﬂi‘a, ,uB) fg (xba#B) AS?) (Tcut} [have R)] Stewart, Tackmann, et al '13

Banfi, Monni, Salam et al ‘12

6/10/2020 Shireen Gangal 21




(0|1 + (2rs — 1)(z/z0)?/4] z < 2z,

fran(®) = {15 + (2—rswp—ryas)(z—a1)? <z <ux
run = s 2(xo—x1)(x3—21) | < x < ao,
_ (2—rswy—rema)(z—x3)
1 2(zs—x1)(r3—72) o <x < I3,
N r3 <.

”gary( @) = [Fo fw?;,r}f () frun(2) ,
var var 2 1/2—p3
LY (2, 0, B) = p™ (2, )2 P = e [founy () fran()]

3 P
C = ip5] sin® 6 C=— J
(Z pi)? Z[;U P ! Q jezc,s cosh 7,

t]

AMuase = 20(y; > 0)0(AR > R)[O(k < T*)0(ks < T) — 0kt + k5 < T°)

AS¢H(T R, p) = Avs, (R)log 4 AS%f(R)

Tcut

M
Tcut

Anyi
AT (t, @, R, p) = 57:;;7371(]%) [5(1 —x)log

+ ﬂfi_j (.’IT:, R)

+ Lo(1— :c)] + AT (%, 2, )
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Uncorrelated and Soft-Collinear Mixing
AA,z‘j = lA{B-(l)(k ?m)Aﬁ?m(k])

AB(I} (kQJ ) -

Tcul.

max(z, (1 — z)]

Ao ~ /d&y dA¢dz (AR < R)O [TC“ <Tr < }5(&; +ky =1 —a)p )P (1 —x)p~

Agmdep S 1 (Cl'sCA ) 2( .Uf2 )26 i R —— Uncorrelated CC - Zero bin

€ T my T cut 12

AMgs = 0(AR < R)[O(Te + To < T) = 0(Te < T)O(Te < T

2 2

_ 1 asCa H )2.57;- 2
AJSC_JOE( T ) (mHTC“t 6 4

small AR

Log(R ) Terms: Only Bubble Insertion Graphs

Ap = ﬁ%j—m(-’ﬂa f)ﬁqﬁki(za“f) AR2(p~T7)%2(1 — 2)(2(1 — 2)
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