QCD and Electroweak physics at Upgrade |l

Jonas M. Lindert

UusS

University of Sussex

Science & Technology U K Resea rCh
@ Facilities Council and Innovatlon

5th Workshop on LHCb Upgrade |l

01/04/2020



Standard Model Production Cross Section Measurements
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The success of the SM

Status: March 2018
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Differential SM measurements
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Differential SM measurements
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0, X X" )—igM (X*X*H+X X H+ C%XOXOH)+—“LI;::2 igM (X+tX%" — X~ X% )+ >/ & " e / e
FoigM (X0X 6% — X0X*¢7)+igMs, (X°X~¢* — X°X*¢7) + ‘e 8™ et
Lig (X+X*¢° — X~ X~¢°) . o). o " @ e
d o;“ ‘\»B
@ " .
ll ’ + Jl' ‘ ®
e ® t® 5.
v e 8" &1

(>|/\/l|2\_70'



°recision at the LHC

Key: QCD factorization:

/\ Short distance non-
hl perturbative effects (PDFs)

PDFs
» DGLAP fitting

Hard (perturbative) scattering process




°recision at the LHC

Hard (perturbative) scattering process

7+ » N(N)LO QCD + EW
Dol

; ' T e ."‘_‘_‘_ .:\.;\.z ARTOo0
Key: QCD factorization: o

. ‘Q,A i ’I’:_...';..‘;l‘; _‘ ‘..L N ‘..\ |. - |I. X ' - )
Short distance non- ‘g O0-—p Y
/\ - ..._‘ o _. ] o .J:'

perturbative effects (PDFs) vo-—g9-

QCD Bremsstrahlung
» parton shower
» matched to NLO matrix elements

X PDFs o '™
» DGLAP fitting REIP Y
't

QED Bremsstrahlung
» parton shower

» matched to NLO matrix elements




°recision at the LHC

Hard (perturbative) scattering process

Hadronization/fragmentation/decay
» pheno models

Multi Particle Interactions (MPI) o~ 25
» pheno model -

Key: QCD factorization: .
/\ Short distance non-
hl perturbative effects (PDFs)

F(Q)
QCD Bremsstrahlung
N aq,. » parton shower
h e » matched to NLO matrix elements
2 X >~ P
PDFs 0 Sl
» DGLAP fitting 7 .’., . °.t ‘ B < \ ® QED Bremsstrahlung
peide 4y ©» parton shower
) ’ » matched to NLO matrix element
da - Z/dwldazzf(Pl)( DFP2 (1) d1 (125) matched to matrix elements
J
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Theoretical Predictions for the LHC

Hard (perturbative) scattering process:

Lsy = —30,920,9% — 95 f*0,929595 — g2 f* f** gt gcglee — O,W, O,W, —
MWW, — 30,2)0,Z)) — 55 M*Z)Z}) — 50, A0, A, — igeu(0,Z3(W,i W, —
W, =W, oW+ Z3(WioW, — W, 9,W,])) -
do = dULo + Qg dUNLo + OEW dUNLO EW
asapw AdONNLO QCDxEW

igsw(c';,,Au(Wj

W, 0,W,1) - %givg;W,:W;W; + 3G WIW, WiIW, + chi(Zfin:ZBW; -

ZZ,WiW) + g?sa (AW, AW, — AAWIW, ) +g SwCw(AuZ)(WiW, —
) — 2A,Z0W;W; ) — 18,HO,H — 2M?a, H* — 0,6 0,¢~ — £0,¢°9,¢° —

Wyw,
B (B + BLH + (B + 6°6° +26%67)) + B -
ganM (H® + H¢'¢® + 2H¢7¢™) —
Lg%, (H* + (6°)* + 4(67¢7)? +4(¢°)%0 ¢~ + 4H2G ¢~ + 2(¢°)2H?) — 2
VAN 77 v ac donN
Lig (W (80,0~ — 6-0,6%) — W, (8°0,6 — 6°0,0)) + S LLO
%g (W;(Hau‘ZY - drauH) + W;:(Hau¢+ - ¢+8IJ»H)) + %gc%(ZS(Hau‘bo - ¢06uH) +
52
M (C%Zgauqﬁo-i-W‘j(?#d)‘+W;8#¢+)—ig%:fMZS(W;¢‘—W;qﬁ‘)-{-igstA#(W:qS‘—
. 1-2¢2 _ _ N . _ _

Wy ¢%) —igime Z0(¢10ud™ — ¢ 0,6") + ig5uAu($70ud™ — 67 0ug™) —
19WIW (H? +(8°) +267¢7) — 36° 5 2,2, (H? + (¢°) + 2(2s7, — 1)°67¢7) —
B2 W™ + Wi6t) — 5ig* mZ0H(Wie™ — W 6%) + 505, A0 (Wie™ +

W, o)+ %ngSwAuH(W;qS’ -W,ét) - g%‘:(ZcﬁJ —-1)Z0A,¢T ¢ —
9°sLALALGT O + 3igs M (14 a7)gp — 8 (70 + mp)er — P (v0 + mp)v — aj (70 +
m)u} — &} (70 + mY)d} + igsuAu (=(E4e?) + @}y u}) — §(dr ) +

L ZH{(P YL+ PP + (@9(4% — 1= 7)) + (r(Esd — 1= 7)) +

(@71 = §s2 + 7" u)} + 55 W, (P (1 +7°)U'Psee") + (@374(1 +9°)Creds)) +
Wi (U7 (1 +97)7) + @ CL (L + ) ) +
5iim " (iU (1 = P)e") + my (AU Py (1 + 70)e”) +
A

Wiw,) - Z)(W, 0., ;
W, -WiWw,) - AW oW, - W, 0,W; )+ A,WS0,W, —

7
apw dONNLO EW

v a € er] ~ ke ept K my —
gt (MU (1 + 2P Wwr) — ms@U), (1 - 7)) — $3H (W) -
A J 2 ig m) A5 _ N

T (@°e?) — o M (1 — )0 —

%H(é/\ex\) + %%}L(pO(ﬁA,},sy/\) _ %1_ :
A ME (1 —5)0. + il (—mf(}Cxe(1 — 7°)d5) + m (@} Cae(1 +4°)d5) +
. 5 7. m) -
- (MA@CL1+ 7)) - mE@CL (1~ P)us) - $5H @) -
m) 7 ig mj ~ ig m) 7 ~a a abcy Ma c

AHH@D) + 4@ ) - SHEEBPE) + GG +0.f0,6°G g, +
XH@ - MDX* + X~ (82 — M2)X~+X°(8% — M2) X0 + YOY +ige, W (3,X°X —

0. X+ X ) +igs W (0,YX™ — 8, X*Y) +ige, W (0, X X —

0. XX 1) +igs, W, (0, XY — 8, Y X") +igc, Z(8, XX+ —

0, X" X")+igs, A (0, XX+ —

8, X~ X")—1gM (X*X*H + XX~ H + £ X°X°H) +524ig (X+X°¢* — X" X°6")+
sigM (X°X ¢+ — XO)(:+¢‘)+igM:9w (X°X-¢t - X°XT¢7) +
LigM (X+X+¢° — X~X¢°) .

(>|/\/l|2\,0‘

g _
2MV?2



Theoretical Predictions for the LHC

Hard (perturbative) scattering process:

Lsy = —30,980,9% — 9:**0,989595 — 392 F* f** 959095 — O W T O,W, —
M*W}W, —18,2%9,28 — 55 M*Z020 — 10,A,0,A, — ige. (8, Z3(W; W, —
WiW,) — ZUWi0,W, — W, 0,W) + ZUWi0,W, — W, 8,W;)) -
195, (0, A (WiW, —WW,) - AW 0W, — W, 0,W;)+ A, WS 0,W, —
W, 0,W,1) — 3*W, W WIW, + 5a°W,IW, WiW, + g*c2(Z0W,F Z0W, — d - d d d
BZWW,) + PS5 (AW AW, — AAWIW,) + gPsucu AuZYW, W, — 0O = o) L O Y S O N L O 8 E \7\7 o) N L O E \7\7
W, W) — 24, Z0W,;W,) — 10,H8,H — 2M20, H? — 8,4+ 0,4™ — £0,6°9,¢° —
B (B + BLH + (B + 6°6° +26%67)) + B -
ganM (H? + H§%¢" + 2H¢~) —
oo (HY+ (¢)1+4(679 )2 + 4676 + AHGH 9" + 24P HY) — ) )
gMW W, H — EQZZuZuH - d d d
b (P00 0 0,0 0,0 + g AONNLO T Opw UONNLO EW T sOEW UONNLO QCDxEW
%g (W;(Hau‘ZY - ¢*auH) + W;:(Hau¢+ - ¢+8HH)) + %gi(ZS(Hau(bo - ¢OauH) +
M (L200,8°+ W 8,8~ + W, 8u8") —ig e MZY(W, ¢~ —W,; %) +igsu MA, (Wi ¢~ —
W, ¢%) —ig 2k Z0(6" 0up™ — & 0u0”) +igswAu(970ud™ — ¢~ 0u0") —
1PWIW, (H? + (¢°) +20%97) — 39°F 207, (H? + (¢°)° +2(2s%, — 1)°¢7¢7) —
Lg% 2000 (Wi 6~ + W ¢*) — Jig? S ZOH(W, ¢~ — Wy 6) + Lg%s, A0 (W, ¢~ +
Wio") + 3ig?s, AL HW, ¢~ — Wrot) — g2ﬁ(2cﬁ, —-1)Z0A,¢T ¢ —
9°sLALALGT O + 3igs M (14 a7)gp — 8 (70 + mp)er — P (v0 + mp)v — aj (70 +
i) — @10+ mi)es + igsud (~(ee) + 3(ayiu) — K] + 1 1

e ZHPV L+ 7)) + (@ (48] — 1= 7)) + (7 (5s%, — 1= 7°)d)) + d o 2 * 9

R AT L NLO = — |Mro|? + 2Re{MpoM [ M |
Z_I%W”— ((énUlepL)‘ﬁfu(l + 75)1/\) + (J;Cl,\’y“(l + "/%U?)) + 2 S L O _I_ L O N L O ) v —I_ 2 S N L O 9 R

525\7545' (—mf,(D*U’GPM(l _ 75)en) + m,’}(D’\UIWM(l + ,\/5)6.*@) +

i — =. ept K k(= ept K m) —
i (MAOU, (1 +70) — m@U), (1= 79" — SRHE) - ‘
m) _ ig m) N\ E ig m) A5 — ~
_ABHEO) + 45O 0) — S — £ ME (=00~
1M (1= %)0c + 534567 (=mf(@)Cxu(1 = °)d5) +m} (@} Crn(1 +7°)d5) + l

i — ) 5\, K k(A K m) -
iz ? (mj(d;-‘C:{K(l +9°)uf) — mu(d;\cj\n(l - 75)“3') — 85+ H(aju}) —

m) 7. ig m; ~ ig m) 7. ~a a abe a c
ATLH( D) + 4@ ) — FHEO(BVE) + GG + g.f0,GGgp + B N L
X0 — MA)X* + X~ (07 — M2) X+ X0 — 2)XO + YOPY +ige, W (0,X°X~ — —

8, X+ X0)+igs,WH(8,Y X~ — 8,X*Y) +ige, W (8,X~X° —
0. XX 1) +igs, W, (0, XY — 8, Y X") +igc, Z(8, XX+ —
0, X" X")+igs, A (0, XX+ —
0.X~X")~LgM (X*X*H + X~X~H + 2 XOXOH ) +172%igM (X*X°¢* — X~X6") + x }
g—igM (X°X~¢* — X°X*¢™)+igMs,, (X°X ¢+ — X°X*¢~) + Re { M L O M N LO ,V

Ligh (X*X*¢° — X~X~¢°) .
—p

—

MnLo,v virtual one-loop matrix element

(»| M | 2 R O- MNLO,R real tree-level matrix element m

*UV renormalisation = reduction of Ur dependence

*soft/collinear cancellations+PDF renormalisation = reduction of Ug dependence
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Theoretical Predictions for the LHC

Hard (perturbative) scattering process:

Lsy = —30,980,9% — 9:**0,989595 — 392 F* f** 959095 — O W T O,W, —
MWW, — 10,220,2% — 7 M2 2220 — 30,A,8,A, — igeu(0, 28 (W, W, —
WiW,) = Z)(W, oW, =W, W} + ZYW, oW, — W, d,W})) —

195, (0, A (WiW, —WW,) - AW 0W, — W, 0,W;)+ A, WS 0,W, —
W, 0,W,) — 2P Wi W W, W, + 3 WiW, WiW, + g% (ZOW, 20, — d - d
BZWW,) + PS5 (AW AW, — AAWIW,) + gPsucu AuZYW, W, — 0O = o) L O Y S O N L O 8 E \7\7 o) N L O E \7\7
Wi Wy) —2A,20W; W) — 18,H0,H — 2M2a, H? — 8,4+ 0,6~ — 38,8°0,4° —
B (B + BLH + (B + 6°6° +26%67)) + B -
gapM (H® + H¢'¢® + 2H¢™¢™) —

R R e e el ) 2
9 w Wyl —3934,2,10 —
Lig (W (¢°0,6~ — ¢-0,8°) — W (6°9,6" — 670,4°)) + Oé d O- Oé d O- O{ Oé d O- Q

NG e ot AR S A S NNLO EW NNLO EW SUCEW NNLO QCDxEW

M (2200,8°+W, 8,6+ W, 8,6") —ig e M ZO(W, ¢~ — W, ¢™) +igs, MA,(W; ¢~ —
L Wie) —ig 2L Z($0u6™ — ¢70u6") +igsuAu($T 06 — ¢ 0u6T) —
19WIW (H? +(8°) +267¢7) — 36° 5 2,2, (H? + (¢°) + 2(2s7, — 1)°67¢7) —
Lg% 2000 (Wi 6~ + W ¢*) — Jig? S ZOH(W, ¢~ — Wy 6) + Lg%s, A0 (W, ¢~ +

W 6%) + Lig?s, AH(Wi¢ — Wiot) — 0?2 (2%, — 1) 204,67 ¢~ —

9%s% A, AT + 3igs X% (a7 a7 ) g5 — €N(v0 + mp)e — A (v + mp)v* — a} (70 +

AN — (18 + M + igsud, (—(@94e)) + 2(ayiu) — (b A 1
TN S AR W P i doONNLO = 24 U/\/lLO\2 + 2Re{MroMyro v} +2 ]

L ZU(P 1+ + (@453 — 1= 7))eY) + (r(3s2 —1—7°)d) +
(@71 = 553+ 7))} + 55 (P (147U Paee®) + (@7 (L+79)0rnd) + ?

W, (Ul (L + 70 + (@CH (L + 7)) ) + Q * T

uj.[ 2¢~ (—m'g(D'\Ulgp)\n(l —75)6'€) +m,’>(17'\Ulcp)\,c(1 _+_,\/5)ef€) + N N I— — B —I_ \/ —I_ \/2 —I_

v B € & r Kle e K m —
gt (MU (1 + 2P Wwr) — ms@U), (1 - 7)) — $3H (W) -

Mﬁg_%}ﬁw(mvsw\) _ %%450(5&75@) — 2 ME (1= y5)0 — -
DM (1= 9)0e + 5325507 (—mi(@}Cr(1 = 7°)d5) + my (@} Cas(1 +7°)d5) + 1 2 * ]- 2
i — ) 5\, K k(A K m) -
g (mA@CL( + 708) — mE(BOL(L - 1) — $5E (@) — +— [ Mnror|? + 2Re|Mnro rMinLorvl] + =— MNNLO,RR
m) 7. ig m; . ig m) 7 ~a a abe Ya c ’ ’ ’
SLH@) + 4500 ) - S B0) + GG+ 0 f*0,5C g, + 25 —_ \ 7 25)

XH(0? = M)X* + X (0 — M)X +X°(8* — L)X + YO +ige, W, (0, XX~ —
0. X+ X ) +igs W (0,YX™ — 8, X*Y) +ige, W (0, X X — <
8, XX ) +igs, Wy (8,XY — 8,Y X*) +1ige, 20(9,X "X+ — -+ R + R\/ -+ RR
Q#X_X‘)-f—igswA,, (8#X+X+ —
8, X~ X")-LgM (X+X-H XX H+ §X0X°H)+1;—j:iigM (X+X0%+ — X~ X% )+
tigM (X0X—¢+ — XO)(:+¢‘)+igM:9w (X°X-¢t - X°XT¢7) +
Lig (X*X+¢° — X~X~¢°) .

n,n+ 1, n+2 particle phase space
. ' ! *
2 ANLO MnNLo,v virtual one-loop matrix element
X ¥ , , , .
MnLo R real tree-level matrix element
/ *
double-virtual two-loop matrix element w )( >W“< )
ANNLO / ' '
x o2 MNNLO,RV  real-virtual one-loop matrix element *
NNLO,RR  double-real tree-level matrix element ‘ , | ( .



V+jets

*very Important standard-candle (very clean and large x-sections)
*crucial background in many BSM searches

W /Z ) W2/ *allows for Mw and sin28¢f measurements

How to retain full differential information on the leptons in measurments?

k1/ 4

lepton kinematics in the Z /~* (lepton-pair) rest frame:

/2
ki, = 2q (1,4 sin 0 cos ¢, & sin O sin ¢, £ cos 0) *

Decomposition in terms of spherical harmonics: Yim (0,0), 1 =0,1,2

( N
do B 3 do.unpol.
d4g dcosf dp 16w  d4q

1
{(1 + cos” 6) + 5 Ag (1 — 3 cos?0)

1
+ A1 sin(26) cos ¢ + > Ao sin® 6 cos(2¢)

+ A3 sinf cos¢ + Ay cosf + As sin® 6 sin(2¢)

+ Ag sin(260) sin¢ 4+ A7 sin@ sin gb},
J
parity even: Ag 12 ~- probed by v" & Z exchange

.

dominant angUlar coefficients: AO,---A parity odd: As 4 ~ sensitive to sin” Oy, A4 <> App



V+ets

Lam-Tung relation: (AO — Ay = ()J v @ O(ag) spin-1 nature of quarks <+ Callan-Gross (7, = 22/)

0
v @ O(ag) vector coupling of spin-1 gluon
2

= \/+jet @ NNLO yields O(a2), ie. (Ac-A2) at NLO

[Gauld, Gehrmann-De Ridder, Gehrmann, Glover, Huss, | 7/08.00008]

NNLOJET pp— Z+X, y. €[2.04.5] Vs =8 TeV
NNLOJET pp— Z+X, ly | €[1.0,2.1] Vs =8 TeV ~ , . . —————— :
~ 025 - ———— - g < 0.14F 3
L —— CMS dat ] ' n n
- F - - Z onf =
< 02 --- LO — = .
- NLO . 0.1 B
0.15F= ] 0.08— .
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HF hadroproduction

[Gauld, Haisch, Pecjak, 1901.0/757]

T I L L I |
__ pp—bb+X, Vs = 13 TeV . NLO, W =m - —=
= ’ bb =
= LHCb kinematic cuts -
— e R NLO, MO = ET,b —
= — _ 3
I o4 o 0o LO,u = Er, -
— e Rt ——
_ —
- Ear St R Sane il =
E_ —

1.4 1 1 1 1

|
! i
[ I [ [ [ [ .':
250 300
m - |GeV]

CcC

do/dm _ [pb/GeV]

Ratio to NLO

[
-)
N

(U
-
W

ek
-
\)

[
-

1.2

0.8

= . NLO,u =m__ -2

E LHCD kinematic cuts E

:_ e --- NLO,u =E, _:

E TE R LO,u, = E. . E

= S s = =

__ P e Rl __

E_ M_E
T R T T T T T S S R Ly L]
LA T 1 | | | =
0.6 __l 1 1 1 I 1 1 I 1 1 I 1 1 I 1 1 1:
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m__ [GeV’

pp—cC+X, Vs = 13 TeV

Dominant uncertainty = Scale variation +/- 10%




bb

do/dm _ [pb/GeV]

HF hadroproduction

[Gauld, Haisch, Pecjak, 1901.0/757]
q _
P Q
Q=Db,C

f Q

I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] 1 I ] ] ] ] I | — I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] 1 I
5 pp—bb+X, Vs=13TevV Be=sE T(z)tal NLO % 5 pp—cc+X,Vs=13TeV ~  rm===es Tgtal NLO
10 LHCDb kinematic cuts ..... z; % 10 LHCb kinematic cuts ..... 33
4 FTT a?(1+a.,), ISR only & 1 B a?(1+o.,), ISR only
10 B a2(1+as) |8 10 I OL2(1+O(S)
. OLO(%, Weak only E T e OLOL%, Weak only
103 loca2l, QED only =10’ lowodl, QED only
o F T e
102 T AL 102 o _.. — AT
10 L — 10 e
1 B 9000 — e -.:.'.-.'.-.':':'_-; 1 A ':_'-_'-_:_______: -
10_1 I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I 10_1 I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I
60 70 80 90 100 110 120 60 70 80 90 100 110 120

m |GeV] m_ [GeV]

« QCD always dominant
 EW and QCD-EW contributions typically (1-10)%

* Proper treatment of FSR corrections important



Cross-section ratio charm/bottom

101 , , , j —
1= :
0.99F- S
0.985— ff:ff:if:ff:f:f:f':':':' 1 ’:':'  :': RIS _E
o o _ :
= pp—QQ+X, (5= 13TeV -
0.96 :_ X% _ LHCDb kinematic cuts _:
095 % 0o =
- X 2 NLO+3R -
0.94f- =R E
0%k LO =
0.920 R B P S O
50 100 150 200 250 300

HF hadroproduction: ratio

[Gauld, Haisch, Pecjak, 1901.0/757]

m = |Ge V]

Continuum

+ Mass effects (mb = 4.75 GeV,mc = |.5 GeV)
« QED effects (Qc=2/3, Qb=1/3)

/-boson Resonance

* Weak effects (Zbb vs Zcc couplings)



A [%]

- hadroproduction: asymmetry

[Gauld, Haisch, Pecjak, 1901.0/757]

~1
dA ( dog ) do 4 do 4
deQ deQ deQ Ay>0 deQ Ay<0
Ay = yq — Yo

6 _I_ 1 1 1 1 I 1 1 1 1 I I 1 1 I 1 1 1 1 I [ N ? 6 _I_ 1 1 1 1 I 1 1 1 1 I

C pp—bb+X, {s= 13 TeV . NLO.u =m - S [ ppoccHX, 5= 13 TeV

- bb — -
5 —_ LHCb kinematic cuts - < 5 ~  LHCb kinematic cuts

_ . NLO,u =E;, N
e F L0 Ey 43
3 — 3E
o — 2
1F- — I
O ; L L L L | L L L L | | L L | L L L L | ; O ; I I I I | I L I L |

50 100 150 200 250 300 50 100 150



A [%]

HF hadroproduction: asymmetry

[Gauld, Haisch, Pecjak, 1901.0/757]
4,5 i ] ] —I I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I I: g 4.5 i ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I I:
JE PpbbX Vs =13 TeV . NLO.j =m, E = LF prmeX Vs =13 TeV . NLO. 1 = m,, E
- LHCb kinematic cuts = < - LHCb kinematic cuts -
> E_ Assumed efficiency, &g = 0.6% -->-- Stat. sensitivity, 5fb™' _E > E_ Assumed efficiency, & = 0.3% =% Stat. sensitivity, 5fb” _E
3 — 3 —
2sE = 25F- =
2F — 2F —
1.5F = 1.5F =
1 — 1 —
0.5F = 0.5F =
O ; ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] i ] ] ] ] I I: O ; ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] i ] ] ] ] I I:
50 100 150 200 250 300 50 100 150 200 250 300
m |GeV m__ [GeV]

= Sensitivity on Zbb and Zcc couplings!

= Could this even compete with APrg, Lep (long-lasting 30 deviation)?

= Percent level precision required.. ..

= [ his requires NNLO QCD anc
= ~easible!

csood control of exp. systematics.




Jop quark production In the forward region

* Only partial reconstruction of decay products possible

* Complementary information to ATLAS and CMS

[HL/HE Report '1 9]

Final state

(b
¢bb
Leb

ebb

300fb <>
830k 0.295 =measurements at sub-percent level feasible
130k 0.368
12k 0.348 | =measurements at percent level feasible
1.5k 0.415

= Significant constraints on gluon PDF in forward region possible



A(b) [%]

Jop quark charge asymmetries at LHCb

Background:
Lab frame
Q
= nhanced sensitivity in forward region due to increased quark content h%h_)d / >q 7
g
Q

[HL/HE Report '19]

9 - - [T T T Al A =

QF pp—ti—IbX, 14 TeV LHEb 23 b =
= . ® LHCb300 fb" =

/& aMC@NLO + Pythia S -
= s OCale/Total Uncertainty 3 . C o

GE- NNPDF3.1,m = 172.5 GeV 1 =»Sufficient sensitivity for non-zero charge asymmetry
- t -

5E i at HL-LHC

4F

3E _

2 =

1E =

OF =

—_— 1 =E R T S S S S RR I T T T TN TN T TR R I -
2 3 4

=

VN
(S

N’
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*direct access to quartic EVV gauge couplings

*VBS: longitudinal gauge bosons at high energies

*window to electroweak symmetry

Rare EW processes:VBS

breaking via off-shell Higgs exchange

23



VBS

Note: severe QCD background to VBS signatures + interference:

VS.

do = do(asa?) + do(aga®) + do(a®) + ...

QC

D-background

iNnterference

V

3S-signal

LO
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VBS

Note: severe QCD background to VBS signatures + interference:

W VS.

do = do(asa?) + do(aga®) + do(a®) + ...

QC

D-background

o +do(aa

interterence VBS-signal

Y+ do(aga®) + do(aga®) + o(a’)

LO

NLO
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VBS

Note: severe QCD background to VBS signatures + interference:

T
. ha ha g
do = do(asa?) + do(aga®) + do(a

QCD- background&Nnterference < @NS signal

-+ do(aa) +d0 (aza’) + do(asa®)

“NLO QCD” “‘NLO Ew”  "NLO QCD™  "NLO EW”

LO

NLO
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VBS

Note: severe QCD background to VBS signatures + interference:

L

g

W v/ Z w
g W
W,
123

do = do(asa?) + do(aga®) + do(a

QC

D-background QnterfereN VBS-signal
O(as)

-+ do(ata’) + do(aga®) + do(asa®) + o(a’)

“NLO QCD” “‘NLO Ew”  "NLO QCD™  "NLO EW”

= separation meaningless at NLO

LO

NLO
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Signature: /¢ 4

pp — U+Vuﬂ+yujj (SS WW),
pp — plvptuTii (WZ),
pp — ppTuTuTij (Z27),

100

< 60|

-
_I--—n—--_--_---._.-_..—----._.-_-.

_..__.—_.—_—_.-_..—_____.-_..—_

VBS at LHCDb

[Pellen, 1908.06805]

beam axis

pr; > 20GeV, 2.2<n <4.2,
pr. .+ > 20GeV, 2.0<y,+ <4.5,

Channel ogw |[fb] oqcp |[fb] oew/oqcDp

ss WW 0.0185(1) 0.0104(1)  1.78

WZ  0.0071(1) 0.2952(4)  0.02

77  0.0003(1) 0.0161(1)  0.02

Sum  0.0258(1) 0.3217(4)  0.08
E 0;)22:

N ARJMJF > 0.5.

LHCDb detector

—_— Op+ypr+ = ].Sfb

—» VBS @ LHCb might be feasible!
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* SM s In excellent shape

* Important comp

Conclusions

ementarity In phase-space accessible by LHCD

« (N)NLO QCD -

* Explore the unknown

New theoretical, math

computational concepts

Poss|

ematical, and ? °
|

precision for

- NLO EW Is the new standard:V+jets, tt, HFVBS

NNLO QCD + PS

°S matching and multi-jet merging @ NLO QC
NNLO QCD for 2—3(4)

NNLO QCDxEW & NNLO EW

N3LO QCD for 2—2

L -LHC

ble technical developments towards HL/HE-

LHC

D+EW

* High-precision (Theo + Exp) allows to push limits to unprecedented levels (LHC completes LEP)
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Backup
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Relevance of EVW higher-order corrections |

Numerically  O(a) ~ O(a?) =|NLO EW ~ NNLO QCD

|. Possible large (negative) enhancement due to soft/collinear logs from virtual EVW gauge bosons:

0.00 [ NNLO/LO — 1 - “\
— W - Z, W+
- PP T W NLO/LO — 1 V4
| | NLL/LO —1 [Ciafaloni, Comelli,’98;
2020 | NNLL/ Lipatov, Fadin, Martin, Melles, '99;
- ' 4— Kuehen, Penin, Smirnov, '99:
CL) ' Denner, Pozzorini, '00]
o -0.30 ¢t
-0.40 | /
| [Kuhn et. al; 2007]
200 400 600 800 1000 1200 1400 1600 1800 2000
pr |GeV] Universality and factorisation: [Denner, Pozzorini; 01 |

— 100 a a § ew §
5M£L}|—NI£L = Z{ Z Z I*(k)I*(1) In® ]\;; - (k) In MQ} Mo

l#k q= ’yZW:l:

=?» overall large effect in the tails of distributions: pt, Miny, HT,... (relevant for BSM searches!)



Relevance of EVW higher-order corrections |l

m2
2. Possible large enhancement due to soft/collinear logs from photon radiation ~ alog (Q;”)

in sufficiently exclusive observables.
do/dMr ,,[pb/GeV]

200 [Brensing, Dittmaier, Krdmer, Mck; ‘O8] . O(a) pp—Ziy—> 4% 4 Vs=14 TeV
| | | | : | | | :
pp — [Ty X | : LO —— , 5
250 FHWT — . NLO EW (e dressed) —— [LH /5] _
Vs =14 TeV oo 102 L Sherpa (e dressed) ------ __
I - NLO EW (u bare)
200 | Pr, P > 25 GeV i ] — Sherpa (u bare) ------
| < 2.5 F |
150 i ! —_

do/dm, [pb/GeV]
S,
[

3 | 100 &

50 | ) ! ~

oo(1+ Slayy™) =777 N
| | | i N
0 | | | I 107
5[%]5-0 60 70 80 90 190 100
0
=
B - o
+Vu ______
Oqq _
—10 5multi—fy - —
Ogy e
—15 | | | |
50 60 70 80 90 100

MT,I/ll [GGV]

=¥ important for various precision observables, e.g. for determination of Mw in DY



